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The study of lepton flavor universality violation (LFUV) in semitauonic b-hadron decays has become
increasingly important in light of long-standing anomalies in their measured branching fractions, and
the large datasets anticipated from the LHC experiments and Belle II. In this review, a comprehensive
survey of the experimental environments and methodologies for semitauonic LFUV measurements at
the B factories and LHCb is undertaken, along with an overview of the theoretical foundations and
predictions for a wide range of semileptonic decay observables. The future prospects of controlling
systematic uncertainties down to the percent level, matching the precision of standard model (SM)
predictions, are examined. Furthermore, new perspectives and caveats on combinations of the LFUV
data are discussed and the world averages for the R (D)) ratios are revisited. Here it is demonstrated
that different treatments for the correlations of uncertainties from D** excited states can vary the
current 3¢ tension with the SM within a lo range. Prior experimental overestimates of D**rv
contributions may further exacerbate this. The precision of future measurements is also estimated;
their power to exploit full differential information, and solutions to the inherent difficulties in self-
consistent new physics interpretations of LFUV observables, are explored.
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I. INTRODUCTION

Over the past decade, collider experiments have provided
ever-more precise measurements of standard model (SM)
parameters, while direct collider searches for new interactions
or particles have yielded ever-more stringent bounds on new
physics (NP) beyond the SM. This in turn has brought
renewed attention to the NP discovery potential of indirect
searches: measurements that compare the interactions of
different species of elementary SM particles to SM
expectations.

A key feature of the standard model is the universality of the
electroweak gauge coupling to the three known fermion
generations or families. In the lepton sector, this universality
results in an accidental lepton flavor symmetry that is broken
in the SM (without neutrino mass terms) only by Higgs
Yukawa interactions responsible for generating the charged
lepton masses. A key prediction, then, of the standard model is
that physical processes involving charged leptons should
feature a lepton flavor universality: an approximate lepton
flavor symmetry among physical observables, such as decay
rates or scattering cross sections, that is broken in the SM only
by charged lepton mass terms in the amplitude and phase
space. (Effects of additional Dirac or Majorana neutrino mass
terms in extensions of the SM are negligible in all contexts that
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we consider.) In the common parlance of the literature, testing
for lepton flavor universality violation (LFUV) in any par-
ticular process thus refers to measuring deviations in the size
of lepton flavor symmetry breaking versus SM predictions.

An observation of LFUV would clearly establish the
presence of physics beyond the standard model, and could
thus provide an indirect window into resolutions of the nature
of dark matter, the origins of the matter-antimatter asymmetry,
or the dynamics of the electroweak scale itself. Decades of
LFUV measurements have yielded results predominantly in
agreement with SM predictions. Various strong constraints
have been obtained from (semi)leptonic decays of light
hadrons, gauge bosons, or leptonic 7 decays [see Zyla et al.
(2020)], among many other measurements. A notable recent
addition is the measurement of B(W — 7v)/(W — uv) (Aad
et al., 2020), which resolved a long-standing LFUV anomaly
from LEP that deviated from the SM prediction at 2.7c.
Moreover, sources of LFUV that implicate NP interactions
with the first two quark generations are typically strongly
constrained by, e.g., precision K-K and D-D mixing
measurements. Such LFUV bounds involving third gener-
ation quarks, however, are typically much weaker (Cerri
et al., 2019).

This review focuses on the rich experimental landscape for
testing LFUV in semileptonic b-hadron decays. Not only do
these decays provide a high statistics laboratory to measure
LFUYV that is relatively theoretically clean, but results from the
last decade of measurements have indicated anomalously high
rates for various semitauonic b — ctv decays compared to
precision SM predictions. In particular, the ratios

B(B - D" w)

=00 77
R(D™) B(B - DY)’

£=e.pu, (1)

where D™ refers to both D and D* mesons, deviate from SM
predictions at the 3¢ level when taken together (Ambhis ef al.,
2019). (We later revisit the construction of these world
averages and their degree of tension with the SM.) Apart
from these results, there are additional measurements for
various other b — czv decays and other observables, includ-
ing R(J/w), the 7 polarization, and D* longitudinal fractions;
see Sec. IV. Some of these measurements presently agree with
SM predictions only at the 1.60 —1.8¢ level, and when
combined with R(D™)) can mildly increase the degree of
tension with the SM. Some tensions also currently exist in
several b — see vs b — suy transitions, each at the 2.5¢ level
(Aaij et al., 2017c, 2019c). See Ciezarek et al. (2017) and
Bifani et al. (2019) for prior experimental reviews that
consider aspects of LFUV in semileptonic decays.
Upcoming runs of the LHC, the High-Luminosity (HL)
LHC, and Belle II will yield large new datasets for a wide
range of b — ctv and b — uzv processes. Given this expected
deluge of data, it is important to review and synthesize our
understanding of the various strategies and channels through
which LFUV might be discovered. To this end, we undertake
this review along two different threads. First, in Sec. II we
provide a compact yet comprehensive overview of the current
theoretical state of the art for the SM (and NP) description of
semitauonic decays. This includes not only a survey of SM
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predictions in the literature but also several novel results first
calculated for this review.

Second, we provide a substantial review of the various
experimental methods and strategies used to measure
LFUV. This includes an assessment of the various experi-
mental methods in Sec. III, and a summary of the LFUV
measurements published to date in Sec. IV. An effort has been
made to synthesize all of the available information from
current measurements and, when possible, to make direct
comparisons across experiments that provide further context.
For instance, we present the various approaches toward
reconstructing the momentum of the parent b hadron in
Sec. III.C and provide a comparison between the two hadronic
B tag measurements of R(D™)) by BABAR and Belle in
Sec. IV.A.1.

These two threads of the review are woven in Secs. V
and VI into discussions of the main challenges arising from
systematic uncertainties, and into discussions of current
interpretations and combinations of the data, respectively.
In particular, in Sec. V we provide an extended analysis of the
main sources of systematic uncertainty in the LFUV mea-
surements, and the prospects to control them in the future
down to the percent level. This will be essential for establish-
ing a conclusive tension with the standard model. We examine
key challenges in computation, the modeling of b-hadron
semileptonic decays in signal and background modes, and
estimations of other important backgrounds. We also point
out the potential sensitivity of R(D(*)) analyses to the
assumptions used for the B — D**zv branching fractions
(Sec. V.C.2), which are presently overestimated compared
to SM predictions.

Section VI begins by examining the R(D*)) results and
other SM tensions for different light-lepton normalization
modes or isospin channels before turning to entirely revisit the
world-average combinations of the R(D*)) ratios. We spe-
cifically analyze the sensitivity of these combinations to the
treatment of the correlation structure assigned to the uncer-
tainties from B — D**/v decays across different measure-
ments and show that they may vary the degree of their current
~30 tension with the SM over approximately a 1o range. As
an illustration, incorporating such correlations as a free fit
parameter in the combination, we show that the resulting
R(D™) world averages would feature a tension of 3.6
standard deviations with respect to the SM. This is 0.5¢
higher than the current world average (Ambhis ez al., 2019). We
further explore a comparison of inclusive versus exclusive
measurements, caveats and challenges in establishing NP
interpretations of the current R(D™*)) anomalies, and pos-
sible connections to anomalies in neutral-current rare B
decays.

Beyond the current state of the art, in Sec. VII we proceed
to explore the power of future LFUV ratio measurements for a
variety of hadronic states, taking into account the discussed
prospects for the evolution of the systematic uncertainties and
the data samples that LHCb and Belle II are expected to
collect over the next two decades (Sec. VII.A). The power of
future analyses to exploit full differential information is briefly
explored (Sec. VIL.B), as is the role of proposed future
colliders (Sec. VIIL.C).
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II. THEORY OF SEMILEPTONIC DECAYS

In this section we introduce the foundational theoretical
concepts required to describe b — clv semileptonic decays.
Throughout this review, we adopt the notation

l=1,pu,e, =qu,e. (2)
While our focus is the SM description of b — cly, in some
contexts we present a model-independent discussion in order
to accommodate discussion of beyond the standard model
(BSM) physics. We first discuss B — D*)[u decays since they
are of predominant experimental importance in current mea-
surements, before turning to processes involving excited
states, charm-strange mesons, charmonia, and baryons, as
well as b — ulv and inclusive processes. The LFUV observ-
ables (anticipating their definitions in later parts of the review)
for which predictions are discussed, and their respective
sections, comprise

R(D™): SecIlD.1, F,(D*),P,(D™): SeclIlD.2,
R(D*): Sec.ILE, R(D\):  Sec.ILE,
R(J/w): SecILE, R(AY):  SecILE,
R(x): Sec.ILF, R(p),R(w): Sec.ILF,
R(X.): Sec.llLG.

A. SM operator and amplitudes

In the SM, b — clv processes are mediated by the weak
charged current, generating the usual V —A four-Fermi
operator

Osm = 2V2GrV o, (er"PLb) Iy, Pryy). (3)

at leading electroweak order. Here we use the projectors
Prr=(1F9)/2 and G;' =8m},/(vV2g3) = V2v?, with
v ~246.22 GeV (Zyla et al., 2020). Further, g, denotes the
SU(2) weak coupling constant, and V, is the quark-mixing
Cabibbo-Kobayashi-Masakawa (CKM) matrix element. The
corresponding amplitude for this charged-current process has
the diagrammatic form

in which the quarks may be “dressed” into various hadrons. It
is conventional to define the momentum ¢=p—p’'=p;+p,,
where p (p’) is the beauty (charm) hadron momentum.

The leptonic amplitude W — [v always takes the form of a
Wigner-D function D-;,,mz(o,, ¢;), with j=0 or 1, and
|my 5| < j. The helicity angles 6, and ¢, are defined herein
as in Fig. 1. We show also in Fig. 1 the definition of helicity
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FIG. 1. Left: definition of the 6; and ¢; helicity angles in the
lepton pair rest frame. Center: definition of the 6, and ¢, helicity
angles in the D* rest frame. Right: definition of the 8, and ¢,
helicity angles in the 7 rest frame for B — D) (t — hv)D decay.

angles for subsequent D* — Dz or 7 — hv decays, for
example, where % is any hadronic system or Zv. The helicity
angle definition also applies to the case of D* — Dy, although
with a different fully differential rate. Some literature uses the
definition 6, - 7 — 6,, such that caution must be used in
adapting fits to fully differential measurements from one
convention to the other. The phase ¢; is unphysical unless
defined with reference to spin polarizers of the charm or
beauty hadronic system or the lepton, such as the subsequent
decay kinematics of the 7 or charm hadron or the spin of the
initial » hadron. For example, in B — (D* — Dx)¢v the only

physical phase is y = ¢; — @,
B. Hadronic matrix elements and form factors

The predominant theory uncertainty in B — D*)[v arises
in the description of the hadronic matrix elements
(D™|eI'b|B)," where (anticipating the subsequent discussion
of NP) I' is any Dirac operator. More generally, one seeks a
theoretical framework to describe the matrix elements
(BH(Le), JeTb|*»Y(LP), ), using here the spectroscopic
notation to describe the hadron in terms of its quark con-
stituents’ total spin s, their orbital angular momentum
L=S,P,D,..., and the total angular momentum of the
hadron J. We first focus on the description for B — D),
ie., 1Sy = 'S, or 3S;: the ground-state charmed mesons.

Hadronic matrix elements incorporate nonperturbative
QCD and cannot be computed from first principles.
However, the transition matrix element between hadrons of
definite spin and parity mediated by any particular operator
can be described by a finite set of amplitudes involving partial
waves of definite orbital angular momentum. Each such
amplitude can be represented by a tensor product of the
external momenta, polarizations, and spins multiplied by an
unknown hadronic function: a form factor. One may represent
the matrix element by different linear combinations of these
tensor products, thereby defining a basis for the form factors.

'All definitions and sign conventions hereafter apply to b — ¢
transitions; they may be extended to b — ¢ with the appropriate sign
changes. To emphasize this, while we do not typically distinguish
between B — D) and B — D™ in this discussion, we do retain such
notation in the explicit definition of matrix elements or where charge
assignments of other particles have been made explicit. Throughout
the review, inclusion of charge-conjugate decay modes is implied
unless otherwise stated.
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For B - D) SM transitions, the matrix elements are
represented by two (four) independent form factors. In terms
of two (three) common form factor bases,

(Dleyb|B)=f,(p+p')"
+(fo=f1)g" (my—mp)/q°
=mgmplh (v+v" )V +h_(v=2)"], (5a)
(D*|cy*b|B) = 2ige" e} ppy
= iw/mBmD*hvs’“’“ﬁejvf,vﬁ
= 2iV(my + mp )P plpy, (SD)
(D*|er*yb|B) = fe* +ayet - p(p + P +a_(e" - p)g*
= /mgmp[ha (w+ 1)e™
= hy, (€ - v)v" — hy (" - v)v'*],

e p(p+p)
mpg —+ mp+
+ 2mp-q* (Ao — A3)(€* - p)/ 4>, (5¢)

= A (mg +mp )" — A,

noting that (D|¢y*y>b|B) = 0 because of angular momentum
and parity conservation. Here we have used the spectroscopic
basis {f, fo. f. G, ax} [cf. Isgur er al. (19892)];” the heavy-
quark symmetry (HQS) basis {%.,hy, hy,,} (Neubert,
1994); and the basis {V,Ag;,3} (Wirbel, Stech, and
Bauver, 1985), in which 2mpA;=A(mg+ mp)—
A,(mg — mp-). Furthermore, the velocities v = p/myp and
v/ = p'/mpe, € is the D* polarization vector, and the recoil
parameter

2 2 2
mg +mp., —q

(6)

w=uv-v =
ZmBmDm

The form factors are functions of ¢> or, equivalently, w. Their
explicit forms may also involve the scheme-dependent param-
eters my,/m, and «y, although any such scheme dependency
must vanish in physical quantities. In the HQS basis, /4, and
the three form factor ratios

hV l’lA —I—r*hA
R, (w) =—, R(w)=-"—-"2,
)= Rl =
W+ Dhy —(w—=r)hy — (1 —wr*)hy
RO(W) = 1 (1 +r*)h; 2’ (7)
1

where r*) = m pe /mp, fully describe the B — D* transition.
Note that R, enters only into terms proportional to m;.
Particular care must be taken with sign conventions in
Eqs. (5): For B — D), the conventional choice in the
literature, and here, is such that Tr[y*y*y*y°y] = +4ietr°,

which is equivalent to fixing the identity o¢"y° =
—(i/2)e"°6,,, with 6, = (i/2)[y*,7"]. One may further
choose either %23 = +1 or —1. In B — D** literature, as

*The form factor g is often written as g but should not be confused
with ¢ = 27 in the helicity basis defined in Eq. (8).
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well as A, = A, the choice is instead typically
Tr[y#y*y?y°y’] = —4ie"?°, which is equivalent to ¢y’ =
+(i/2)e""?5,,. These sign choices affect the sign of R, but
leave physical quantities unchanged provided they are used
consistently both in the form factor definitions and in the
calculation of the amplitudes. Care must be taken in adapting
form factor fit results obtained in one convention to expres-
sions defined in the other. In our sign conventions, the form
factor ratio Ry > 0.

An additional common choice for B — D* decays is the
helicity basis [cf. Boyd, Grinstein, and Lebed (1996, 1997)]
with form factors {g, f, F1, P,} that are particularly conven-
ient for expressing the B — D* helicity amplitudes. Explicit
relations between the HQS and helicity bases are

— 4 _ *
ha, = mB\/r-*(w n 1), hy = gmB\/;—v (8a)
F
bl =" = 0= DR = Loy @)
B
ha Ry = Py. (8¢c)

The SM differential rate can then be written compactly in
terms of Legendre polynomials of cosd,,

d21—* =2 _ 272
zrox/wz—lr”[q 2”]
q

dwdcos0, - g

r - 317
X 1+2_@2 (H++2q H1)+2_6_]2H0

3cos?0,—1[g*>—r?
+C0591H+0+ ) d |:q qz l:| (qul —H+)},
9)
in which Ty = Gingw|Ve|?/(19273), 1 =m;/mp, §*=

@*/my=12r'w+r2, ngw =1+ a/rlog(my/mg) ~1.0066
is an electroweak correction (Sirlin, 1982), and

2
H, = r*fm2 + @rimi(w? = 1), (10a)
B
2
M= (10b)
rm
Ho = P3(r* + 1)2(w? = 1), (10c¢)
3 2
Hoo = 6229V w? — 1 - %\/Hﬂ'fo (10d)

The 6;-independent term in Eq. (9) is simply (1/2)dl/dw.
The overall sign of the cos 6, term and the relative sign of the
fg term in H ., are sensitive to sign conventions. In the
massless lepton limit, it is common to express the differential
rate dI'/dw in terms of the single form factor combination
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H, +25%H,

Fr(w) = (1=r)2(w+ 1> +4w(w + 1)g*’

(11)

which is normalized such that F (1) = hy (1).
The B — D rate may be expressed similarly. In the form
factor basis {G= V|, Sl},3 defined via

1—-r
=V, =h, — h_, 12
g 1 T 11 (12a)
1+rw-1
Ss=h, ——————h_, 12b
e (12b)

the SM differential rate has the same form as Eqs. (9) and (10),
but with r* — r,

Hy =Vi1+r)?2(w=-1)2 (13a)

Ho = S2(1 = r)%(w+ 1)2, (13b)

and by definition no f or g terms, i.e., H; =0 and H,( =
—37‘%/@2\ / H+H0.

Note that the expressions of this section apply similarly to
any other 'S, — 'S, or 3S transition, including B — zlv and
B — plv (with the additional replacement of V., — V ;).

C. Theoretical frameworks

Various theoretical approaches exist to parametrize the
B — D™ or other exclusive decay form factors. Broadly
speaking, these fall into the following four overlapping
categories:

(1) Use of the functional properties of the hadronic matrix
elements (analyticity, unitarity, and dispersion rela-
tions) to constrain the form factor structure.

(2) Useofheavy-quark effective theory (HQET) to generate
order-by-order relations in 1/m_, and a, between form
factors.

(3) Various quark models, including those that may
approximately compute the form factors (in various
regimes), such as QCD sum rule (QCDSR) and light
cone sum rule (LCSR) approaches.

(4) Lattice QCD (LQCD) calculations, presently available
only for a limited subset of form factors and kinematic
regimes.

The details of the various approaches to the form factor
parametrization are particularly important for measurements
that are sensitive to the differential shape of exclusive semi-
leptonic decays, such as the extraction of the CKM matrix
element |V, |. Hadronic uncertainties, however, mostly factor
out of observables that consider ratios of |V,|-dependent
quantities, including measurements that probe lepton univer-
sality relations between the B — D¢y and B — DWW
decays and other exclusive processes. Instead, in the latter
context the main role and importance of form factor para-
metrizations lies in their ability to generate predictions for
lepton universality relations, and the precision thereof.

3Some literature uses the notation V,, while others G.
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1. Dispersive bounds

A dispersion relations-based approach does not alone
generate lepton universality relations between the B —
D™y rates or other exclusive processes, but does provide
crucial underlying theoretical inputs to approaches that do.
The dispersive approach (Boyd, Grinstein, and Lebed, 1996,
1997) begins with the observation that the matrix element
(H.|J|H}) for a hadronic transition H;, — H,., mediated by
current J = ¢I'b, may be analytically continued beyond the
physical regime ¢ < (m Hy — mHﬁ)2 = ¢ into the complex
g plane. For ¢*> > (myp +myp)* = g%, where HY, denote
the lightest pair of hadrons that couple to J, the matrix element
features a branch cut from the crossed process H(;H(C)T pair
production. For B — D* processes, it is typical to take g3 =
(mg + mp)?* for both vector and axial vector currents. For
B, — J/y, the branch points are taken as (mg + mp)? and
(mg- + mp)? for vector and axial vector currents, respec-
tively. A bc bound state that is created by J but with mass
m?* < g% is a “subthreshold” resonance.

The conformal transformation

Vi -
Vi -

qz_\/q%r_qg (14)
2

2. q}) =
7+ -

maps ¢*> > ¢ to the boundary of the unit circle |z| =1
that is centered at ¢°>=g¢g3. Two common choices
of g3 are g3=g% in which case z(w=1)=0,
and g3=q¢%(1-[1—¢*/4%]"*)=q3y, which minimizes
|z(¢*> = 0)|. This allows the matrix element to be written as
an analytic function of z on the unit disk |z| < 1, up to simple
poles that are expected at each subthreshold resonance. These
poles must fall on the interval ¢ <g° Sqi@ (0>)z_>z>-1.

The second ingredient is the vacuum polarization
I, =i [ d*xe*(0|TJ"(x)J(0)|0), which obeys a once-sub-
tracted dispersion relation

oIl 1 dt
N=—"T—_ [ = _ImIl,. 15
() =5 ﬂ/O_qz)zm . 0s)

The QCD correlator y; can be computed at one loop in
perturbative QCD for ¢* > ¢ and then analytically continued
to ¢> < ¢>. ImIl; may be reexpressed as a phase-space-
integrated sum over a complete set of b- and c-hadronic states
~ Zx:HbHZ,... |(0|J]X)|> with appropriate parity and spin.
For J = ¢y*b, one may have H,H = BD', BD*', etc. The
positivity of each summand allows the dispersion relation to
provide an upper bound, a so-called weak unitarity bound, for
any given hadron pair H,H/. (A “strong” unitarity bound
would, by contrast, impose the upper bound on a finite sum of
hadron pairs coupling to J.) Crossing symmetry permits these
bounds to be applied to the transition matrix elements
(H|J|H}) of interest here.

Making use of the conformal transformation, the unitarity
bound can be expressed in the form
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/z 12mzZ|Pj ()¢ (2)Fl ()P < 1, (16)

in which F? is a basis of form factors and the “outer” functions
¢! are analytic weight functions that encode both their ¢*-
dependent prefactors arising in (H.|J|H;), as well as incor-
porating the 1/,/my; prefactor. The additional Blaschke
factors P! satisfy |P/(|z| = 1)| = 1 by construction and do
not affect the integrand on the |z| = 1 contour. However, the
choice P/ = [[,(z— z4.:)/(1 — 224;) explicitly cancels the
known poles at 7 = Z,,; on the negative real axis. Each term in
the sum must then be analytic, i.e., P!(z)¢](z)F!(z) =

® aiiz", so that Eq. (16) requires the a’ ! coefficients to
satisfy a unitarity bound Y, , |a}/|*> < 1.

The Boyd-Grinstein-Lebed (BGL) parametrization (Boyd,
Grinstein, and Lebed, 1996; Boyd, Grinstein, and Lebed,
1997) uses this approach to express the f, g, F;, and P, form
factors in terms of an analytic expansion in z = z(¢*, ¢*). In
particular, for the light-lepton modes, with F, = f, F,

1 . g
9(z) = ———— ) anz", lan> < 1,
>
¢ Zaf’*z”, Z|05A|2 <1,
FA n

Fuon

further noting that Fy(q2)/¢r (¢2) = f(g2)mp(1 —r*)/
¢¢(q%) from Eq. (8b). This relatively unconstrained para-
metrization provides a hadronic model-independent approach
to measuring |V, | from light leptonic B — D*#v modes but
does not relate B — D*7v to B — D*/v. For example, a fit to
light-lepton data, taking m, — 0, to determine f, g, and F}
provides no prediction for P;, and hence no prediction for the
B — D*rv rate. (The general SM expectation remains, how-
ever, that the unitarity bound for P, should not be violated in a
direct fit to the B — D*rv data.) Instead, additional theoretical
inputs are required.

2. Heavy-quark effective theory

HQET inputs may be combined with the BGL approach in
order to generate SM (or NP) predictions for lepton univer-
sality observables. A “heavy” hadron is defined as containing
one heavy valence quark [i.e., the heavy-quark mass
mg 3> O(Agep), the QCD scale] dressed by light-quark
and gluon degrees of freedom (so-called brown muck) in a
particular spin and parity state. An HQET (Isgur and Wise,
1989, 1990; Eichten and Hill, 1990; Georgi, 1990) [for a
review, see Neubert (1994)] is an effective field theory of the
brown muck in which interactions with the heavy quark enter
at higher orders in 1/mg. An apt analogy arises in atomic
physics in which the electronic states are insensitive to the
nuclear spin state up to hyperfine corrections. This provides a
hadronic model-independent parametrization not only of the
spectroscopy of heavy hadrons but also order by order in
1/m,, relations between their transition matrix elements. The
form factors of B — D*)£v are then related to those of B —
Dzy and allow for lepton universality predictions.
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In this language, the spectroscopic 'S, and 35, states (e.g.,
D and D* or B and B*) may instead be considered to belong to
a heavy-quark (HQ) spin symmetry doublet of a pseudoscalar
(P) and vector (V) meson, formed by the tensor product of
the light degrees of freedom in a spin-parity s7 =1/2~
state, combined with the heavy-quark spin as follows:
(1/2) 3o ® (1/2)j4n =0 1. Their masses can be expressed as

A - 2Ty p+1)4,

mP’V:mQ‘i‘/_\—Zm
[

17
T (17)

where A = O(Aqcp) is the brown muck kinetic energy for
mgy — o0 and ;, = O(Aqcp?). Furthermore, one expects
that in the limit in which my — oo (and a; — 0), the heavy-
quark limit, the physics of heavy hadron flavor-changing
transitions such as B — D) should be insensitive to, and
therefore preserve, the spin of the underlying heavy quarks
while being sensitive to the change in heavy-quark velocity.

Following this intuition, the QCD kinetic term Q(iP —
mgp)Q may itself be reorganized into an effective theory of
brown muck (i.e., a HQET) parametrized by the heavy-quark
velocity v = py/mg. This effective theory features a 1/my
expansion in which the leading-order terms conserve heavy-
quark spin while higher-order terms in 1/mg do not. A heavy-
quark flavor violating interaction like J = ¢I'b can be similarly
reorganized such that, at leading order, the transition is
sensitive only to the difference of the incoming and outgoing
heavy hadron velocities » and v/, respectively. It is then natural
to express the matrix elements as in Eq. (5), with the natural
form factor basis in the SM being h., hy, hy ..

When organized in this way, the key result is that any
B — D™ matrix element can be written as a spin trace

(DW|eTb|B)

= )T HYTHY) + Oe, 6. 8,),  (18)
mp Mg

v

where H(?) are HQET representations of the HQ doublet and
E(w) is a leading Isgur-Wise function. Higher-order terms in
€. = A/(2m,,) can be similarly systematically constructed
in terms of universal subleading Isgur-Wise functions, while
radiative corrections in &, = a,/x can be incorporated at
arbitrary fixed order. Heavy-quark flavor symmetry implies
that £(1) = 1, which is preserved at order €., by Luke’s
theorem.

The Caprini-Lellouch-Neubert (CLN) parametrization
(Caprini, Lellouch, and Neubert, 1998) applies dispersive
bounds to the B — D form factor V;, expanded up to cubic
order as

Viw)
Vi(1)

=l-plw=1)+c;(w=12+d(w=13+---. (19)

It thus extracts approximate relations between the parameters
p?, ¢y, and d, by saturating the dispersive bounds at (the then)
1o uncertainty in the QCD correlators y ;. The parametrization
then makes use of heavy-quark symmetry to relate this form
factor to all other form factors in the B — D) system,
incorporating additional quark model inputs from QCDSRs
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to constrain the 1/m,, terms. In particular, predictions are
obtained for a z expansion of &, , with coefficients dependent
only on pi, plus predictions for R;,o(w) up to a fixed
order in w— 1 as follows: R;(w) = R;(1) + Ri(1)(w—1) +
(1/2)R!(1)(w—=1)>+---.

The intercepts R;(1) are theoretically correlated order by
order in the HQ expansion with the slope and gradients

R"(1), and therefore must be determined simultancously
when measured. A common experimental fitting practice of
floating R, (1) while keeping R%') (1) fixed to their QCDSR
predictions is inconsistent with HQET at subleading order,
when fits are performed to recent higher-precision unfolded
datasets, such as the 2017 Belle tagged analysis (Abdesselam
et al., 2017). The Bernlochner-Ligeti-Papucci-Robinson
(BLPR) parametrization (Bernlochner et al., 2017) removes
this inconsistency and exploits higher-precision data-driven
fits to the subleading IW functions to obviate the need for
QCDSR inputs. It furthermore consistently incorporates the
1/m,, terms for NP currents, which are important for NP
predictions of B — D)7y,

There has been a long-standing debate about the size of the
1/m? corrections, partly because quark-model-based calcu-
lations predicted them to have coefficients somewhat larger
than unity. Recent data-driven fits, however, in the baryonic
A, = A, system provide good evidence that the 1/m2
corrections obey power counting expectations (Bernlochner
et al., 2018); see also Bordone er al. (2020) in regard to

B = D).

3. Quark models

Beyond dispersive bounds and HQET, quark-model-based
approaches have historically played an important role in
descriptions of the form factors and have provided useful
constraints in generating lepton universality predictions. The
Isgur-Scora-Grinstein-Wise updated model (ISGW2) para-
metrization (Isgur et al., 1989b; Scora and Isgur, 1995)
implements a nonrelativistic constituent quark model, provid-
ing estimates of the form factors by expressing the transition
matrix elements for each spectroscopic combination of
hadrons in terms of wave-function overlap integrals. In
addition, it incorporates leading-order and O(1/m,,;) con-
straints from heavy-quark symmetry and higher-order hyper-
fine corrections.

The ISGW2 parametrization of the form factors is treated as
fully predictive, being typically implemented without any
undetermined parameters. This amounts to fixed choices for,
e.g., the heavy- and light-quark masses or the brown muck
kinetic energy A. It therefore is not considered to provide
state-of-the-art form factors compared to data-driven fits.
Nonrelativistic quark models may, however, be useful choices
for double-heavy hadron transitions such as B, — J/y or 1,
[for a recent example see Penalva, Herndndez, and Nieves
(2020)], where heavy-quark symmetry cannot be applied.

4. Sum rules

QCDSRs exploit the analytic properties of three-point
correlators constructed by sandwiching an operator of interest
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with appropriate interpolating hadronic currents. This allows
the expression of an Isgur-Wise function in terms of the Borel
transform of the correlator, the latter of which can be
computed in perturbation theory via an operator product
expansion (OPE). One must further assume quark-hadron
duality to estimate the spectral densities of relevant excited
states. Renormalization improved results for the 1/m,. ;, Isgur-
Wise functions and their gradients at zero recoil are known
(Neubert, Ligeti, and Nir, 1993a, 1993b; Ligeti, Nir, and
Neubert, 1994; Neubert, 1994). While theoretical uncertain-
ties associated with the perturbative calculations are well
understood, there is no systematic approach to assessing
uncertainties arising from quark-hadron duality and scale
variations. Rough estimates of the uncertainties are large
compared to the precision obtained by more recent data-driven
methods.

LCSRs operate in a similar spirit to QCDSRs, reorganizing
the OPE such that one expands in the “transverse distance” of
partons from the light cone. The resulting sum rules are valid
for the regime in which the outgoing hadron kinetic energy is
large. LCSRs have broad application in exclusive heavy-light
quark transitions, such as for b — u transitions including
B — p, w, or z, in which the valence parton is highly boosted
compared to the spectator.

5. Lattice calculations

LQCD results are available for the SM form factors at zero
recoil for both B(;) = D) and B(,) — DZ‘S). The most precise
B — D™ results are (Aoki et al., 2020)

g<1) = Vl(l) = 1'054(4)stat(8)syst7

F(1) =0.906(4),(12) (20)

syst*
LQCD results for the B, — D, form factors fis?o are
available beyond zero recoil with respect to the optimized
expansion in z = z(¢?, q(z)pt). Further, preliminary results for
the B; — D; (Harrison and Davies, 2021) and B — D*
(Bazavov et al., 2021) SM form factors beyond zero recoil
have recently become available.

The B — D LQCD data allow for lattice predictions for
the differential rate of B — Dzr and, when combined with
HQET relations plus QCD sum rule predictions, one may
also predict B — D*zv, but with slightly poorer precision
compared to data-driven approaches (Bernlochner ef al.,
2017). Beyond zero recoil LQCD results are also available
for B, — J/wlv (Harrison, Davies, and Lytle, 2020a) (see
Sec. IL.LE), as well as for the baryonic A, - A.lv (Detmold,
Lehner, and Meinel, 2015) decays including NP matrix
elements.

D. Ground-state observables and predictions

1. Lepton universality ratios

Lepton universality in b — clv may be probed by compar-
ing the ratios of total rates for [ = e, u, and 7, in particular,
the ratio of the semitauonic to light semileptonic exclusive
decays
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['[H, - H_ 1]

H)=———-=
R(He) [[H, - H A’

C=e,pu, (21)

where H_, are any allowed pair of ¢ and b hadrons. [The
ratios of the electron and muon modes are in agreement with
SM predictions, i.e., near unity; see Sec. VI.A. One may also
consider ratios R(H,,) for H, — H,tv decays, in which the
valence charm quark is replaced by a u quark.] The ratios
R(H,) should differ from unity not only from the reduced
phase space as m, > m,,, but also because of the mass-
dependent coupling to the longitudinal W mode. The theory
uncertainties entering into the SM predictions for this
quantity are then dominated by uncertainties in the form
factor contributions coupling exclusively to the lepton mass,
such as the form factor ratios S;/V; and Ry(w) in B — D and
D*, respectively.

In Table I we show a summary of various predictions as
collated by the Heavy Flavor Averaging Group (HFLAV)
(Amhis er al., 2019). Before 2017, R(D(*)) predictions based
on experimental data used the CLN parametrization, since this
was the only experimentally implemented form factor para-
metrization. An unfolded analysis by Belle (Abdesselam ef al.,
2017) has since allowed the use of other parametrizations,
with the different (and more consistent) theoretical inputs as
described in Table I. At present, given the different theoretical
inputs and correlations in the results of these analyses, the
HFLAV SM prediction is a naive arithmetic average of the
R(D) and R(D*) predictions and uncertainties for each mode
independently. A subsequent Belle 2018 analysis of B —
D*¢v (Waheed et al., 2019) provided response functions and
efficiencies, into which different parametrizations may be
folded to generate predictions for bin yields in various
marginal distributions. For example, Gambino, Jung, and
Schacht (2019) found R(D*) = 0.254%J00¢ and Jaiswal,
Nandi, and Patra (2020) found 0.2517050s, with and without
LCSR inputs, respectively. Finally, preliminary lattice results
for B — D* beyond zero recoil predict R(D*) = 0.266(14)
(Bazavov et al., 2021).

On occasion, the phase-space constrained ratio

% dgq*(dT[H, - H w]/dg?)
% dg(drH, — H,¢0))dg?)

C=e,pu, (22)

c

is also considered, in which the relative phase-space suppres-
sion for the tauonic mode is factored out. For instance, the SM
predictions are, using the fit results of Bernlochner et al.
(2017,

R(D) =0.576(3),  R(D*) =0.342(2), (23)

with a correlation coefficient of 0.53.

2. Longitudinal and polarization fractions

In the helicity basis for the D* polarization, the D* — Dx
decay amplitudes within B — (D* — Dx)lv decays are sim-
ply L = 1 spherical harmonics e”*¢'Y, ,(6,), with respect to
the helicity angles defined in Fig. 1. That is, the B — (D* —
Dr)lv amplitudes may be expressed in the schematic form
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TABLEL R(D®) predictions as currently collated and arithmetically averaged by HFLAV. Predictions shown below the

HFLAV row are not included in the arithmetic average.

Inputs R(D) R(D*) Correlation
LQCD + Belle/BABAR data® 0.299 + 0.003 e e
LQCD + HQET O(ay, 1/m, ;) + Belle 2017 analysis™® 0.299 £ 0.003 0.257 £0.003 0.44
BGL + BLPR + ~1/m?2 + Belle 2017 analysisd e 0.260 £ 0.008 e
BGL + BLPR + ~1/m2 + Belle 2017 analysis® 0.299 £ 0.004 0.257 £ 0.005 0.1
HFLAV arithmetic averages 0.299 £ 0.003 0.258 £ 0.005 e
LQCD' 0.300 + 0.008 .

CLN + Belle data® e 0.252 £0.003

*See Bigi and Gambino (2016).
®See Abdesselam et al. (2017).

“The “BLPR” parametrization (Bernlochner et al., 2017).
YIncludes estimations of 1/ m% uncertainties (Bigi, Gambino, and Schacht, 2017). See also Gambino, Jung, and

Schacht (2019).

°Fits nuisance parameters for 1 /m% terms (Jaiswal, Nandi, and Patra, 2017). See also Jaiswal, Nandi,

and Patra (2020).
"World average (Aoki et al., 2020).
£See Fajfer, Kamenik, and Nisandzic (2012).

223 AB = D*W|(6;, ¢y = $y) x Y1 ;(6,). The D longi-
tudinal polarization fraction
I')—|B — D*I
Fu(D") = [izo[B = DIt (24)

B — D] ’

thus arises as a physical quantity in B — (D* — Dx)lv decays
via the marginal differential rate
sin%0,

1 dFB—»(D*—»Dﬂ)lu 3
- 2o Z|F 20 1-F
T d cos 01} ) L,1C0870, + ( L,l)

(25)

The interference terms between amplitudes with different A
vanish under integration over ¢, — ¢,. As in R(D™)), theory
uncertainties in |V | are factored out of F; ;. Some recent and
new SM predictions for F; ,(D*) are provided in Table II
using a variety of theoretical inputs. We also include a SM
prediction for F; ,(D*).

A similar analysis may be applied to 7 — hv decay
amplitudes within B — D*)(z — hv)p. For example, in the
helicity basis for the 7z, the 7 — zv amplitudes are the j = 1/2
Wigner-D functions e/ sin(6,,/2) or e=#1/2 cos(@,/2) for
A; =7, respectively, where the helicity angles 6, and ¢, are as
defined in Fig. 1. The 7 polarization

(M= -3 )[B— DYz

()} =

(26)

is a physical quantity in B — D) (z — zv)0 decays via the
marginal differential rate

1 drB—>D(*) (t—>mv)D

1
ool 1 4 p (DX a,]. 27
I' dcosb, 2[ o ) cos 03] (27)

The interference terms between amplitudes with different 4,
vanish under integration over ¢, — ¢,. This generalizes to
other final states such as h = p, 37 as

“Another common notation is F, ,(D*) = FP".
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1dl B—DY (t=hv)p 1
_ BTl 1) 4 q,P,(D™) cos 6 28
F dcoseh 2[ +ah T( )COS I’l]’ ( )

in which ¢, is the analyzing power that depends on the final
state h. In particular, the pion is a perfect polarizer a, = 1,
while a, = (1 —2m3/m?)/(1 +2m}/m?). Just as for
F; .(D*), some recent and new SM predictions for
P,(D™) are provided in Table II using a variety of potentially
differing theoretical inputs. The missing energy in the 7 decay
means that 6, is reconstructible only up to twofold ambi-
guities in present experimental frameworks.

E. Excited and other states

Thus far we have discussed mainly the ground-state meson
transitions B — D*)[y. However, much of the previous
discussion can be extended to excited charm states, baryons,
charm-strange hadrons, and double-heavy hadrons. Several of
these processes exhibit fewer HQ symmetry constraints or
greater theoretical cleanliness than the ground states. This may
be exploited to gain higher sensitivity to NP effects or better
insight or control over theoretical uncertainties such as 1/m?>
contributions.

Four orbitally excited charm mesons, collectively labeled
as the D™, comprise in spectroscopic notation the states
Dj ~3Py, D, ~3P,, D;~3P,, and the D, ~'P,.’ In the
language of HQ symmetry, the Dj and D} (D, and Dj})
furnish a heavy-quark doublet whose dynamics is described
by the s¥ = 1/2% (s£ =3/2%) HQET. The 1/2* doublet is
quite broad, with widths ~0.2 and 0.4 GeV, while the 3/2"
states are an order of magnitude narrower. The B — D**[v
decays produce important feed-down backgrounds to
B — D™y see Secs. IV and V.C.

Several of the B — D** form factors vanish at leading order
in the heavy-quark limit at zero recoil, so the higher-order
O(1/m.,) corrections become important, as included in
the Leibovich-Ligeti-Stewart-Wise (LLSW) parametrization

>The D) is also often denoted by D7.
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TABLE IL

SM predictions for the D* longitudinal fraction and the 7 polarization in B — D). We also show simple

arithmetic averages of the predictions and uncertainties. The CLN-based predictions shown in the bottom row are not

included in the arithmetic average.

Inputs Fp (D) Fp (D) P (D) P.(D)
BLPR, ~1/m2, LCSR® 0.441(6) —0.508(4) 0.325(3)
BGL, BLPR, ~1/m2, LCSR 0.464(10) ~0.496(15) 0.321(3)
BGL, BLPR, ~1/m? ¢ 0.469(10) e —0.492(25) e
BLPR? 0.455(3) 0.517(5) —0.504(4) 0.323(2)
Arithmetic averages 0.455(6) 0.517(5) —0.501(11) 0.324(3)
CLN® 0.46(4)

*Per Huang et al. (2018) using the fit of Jung and Straub (2019).

®per Bordone, Jung, and Dyk (2020) with Belle 2019 data (Waheed et al., 2019).

“Per Jaiswal, Nandi, and Patra (2020) with Belle 2019 data (Waheed et al., 2019).

%Using the fit of Bernlochner ez al. (2017). The correlation between P.(D*) and P.(D) is p = 0.33.

“See Alok et al. (2017).

(Leibovich et al., 1997, 1998). This can lead to higher
sensitivities to various NP currents compared to the ground
states (Biancofiore, Colangelo, and Fazio, 2013; Bernlochner,
Ligeti, and Robinson, 2018). These decays must therefore be
incorporated consistently, especially for LFUV analyses with
NP contributions. The current SM predictions for all four
modes from fits to Belle data including higher-order HQET
contributions at O(ay, 1/m, ;) are (Bernlochner and Ligeti,
2017; Bernlochner, Ligeti, and Robinson, 2018)

These are smaller than R(D™*)) because of the smaller phase
space and reduced w range. An additional useful quantity is
the ratio for the sum of the four D** states (Bernlochner and
Ligeti, 2017; Bernlochner, Ligeti, and Robinson, 2018),

_ 2 xep~T'[B = X1
 Yxep-T[B = X¢7)

R(D*) =0.08(1),  (30)

taking into account correlations in the SM predictions.

An identical discussion proceeds for B; — DE*'**) lv decays,
with the light spectator quark replaced by a strange quark. The
typical size of flavor SU(3) breaking, seen in, e.g., fx/fz
suggests ~20% corrections relative to the predictions for
B — D**)_ Lattice studies are available for B, — D,
(McLean et al., 2020) beyond zero recoil as are preliminary
results for B, — D} (Harrison and Davies, 2021), with the
respective predictions
R(Dy) = 0.2987(46), R(D%) = 0.2442(79)(35), (31)
and there is some evidence of relative insensitivity of the
matrix elements to the light spectator quark (McLean et al.,
2019), despite the expectations from SU(3) breaking. A recent

analysis for B — DE’I; (Bordone et al., 2020) combines

model-dependent QCDSR inputs with LCSR inputs extrapo-
lated from beyond the physical recoil limit. This analysis
predicts
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R(D) = 0.298(3).
R(D*) = 0.250(3),

R(D,) = 0.297(3),
R(D?) =0247(8).  (32)

The resulting R(D*) prediction agrees with the prior pre-
dictions in Table I at the 16 — 20 level. At the LHC and at the
Z peak, non-negligible feed-downs to R(D*) arise from B, —
D’ v decays because of their subsequent decay to DWuX,
which must be taken into account. Likewise B; — D},7v
decays may feed down to R(D): see Sec. IV.C.

The light degrees of freedom in the ground-state baryons
A, have spin-parity s? =0T, which corresponds to the
simplest, and therefore most constrained, HQET. In particular,
the A, — A, form factors receive hadronic corrections to the
leading-order IW function only at 1/ mf ,»- Beyond zero recoil
lattice data are available for both SM and NP form factors
(Detmold, Lehner, and Meinel, 2015). Predictions for
A, — A v, however, are at present more precise when
LQCD results are combined with data-driven fits for A, —
A.Zv plus HQET relations. In particular, a data-driven HQET-
based form factor parametrization, when combined with the
lattice data, provides the currently most precise prediction
(Bernlochner et al., 2018)

R(A,) = 0.324(4), (33)

as well as the ability to directly extract or constrain the 1/m?2
corrections. The latter are found to be consistent with HQ
symmetry power counting expectations. Similar techniques
will be applicable to the two A} excited states with s£ = 1~
(Leibovich and Stewart, 1998; Boer et al., 2018) once data
are available. At present, predictions for R (A}) may be derived
using a constituent quark model approach (Pervin, Roberts, and
Capstick, 2005) similar to ISGW2, yielding R(A(2595)) ~
0.16 and R(A%(2625)) ~0.11.

Finally, the semileptonic decay B. — J/y(—¢¢)lv pro-
vides an extremely clean signature to test LFUV. The afore-
mentioned HQ symmetry arguments, however, cannot be
applied to double-heavy quark mesons such as B, and J/y
(or the pseudoscalar 7.): They cannot be thought of as a
single heavy quark dressed by brown muck. Rather, large
kinetic energy terms break the heavy-quark flavor symmetry,
leaving an approximate residual heavy-quark spin symmetry
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(Jenkins et al., 1993). Hence, a HQET description is not used
for these modes. A variety of quark-model-based analyses and
predictions have been conducted, with wide-ranging predic-
tions for R(J/y) ~0.2-0.4. A recent model-independent
combined analysis for B(,) — D(*>(S> and B, — J/y and 7.,
which made use of a combination of dispersive bounds, lattice
results, and HQET where applicable, provided a prediction
R(J/w) = 0.25(3) (Cohen, Lamm, and Lebed, 2019). A
subsequent LQCD result provided the following high-preci-
sion prediction (Harrison, Davies, and Lytle, 2020b):

R(J /w) = 0.2582(38). (34)

Preliminary lattice results for the B. — 5. form factors
beyond zero recoil are also available (Colquhoun ef al., 2016).

F. b - ulv processes

The dispersive analysis used in Sec. II.C.1 to parametrize
the form factors for B — D*) may also be employed for the
light hadron b — ulv processes. For B — zlv, in particular,
significant simplifications arise because there is only a single
possible subthreshold resonance (the B*) for the f, form
factor, and no subthreshold resonance for f,. Combining this
with general analyticity properties of the B — z matrix
element leads to the Bourrely-Caprini-Lellouch parametriza-
tion (Bourrely, Caprini, and Lellouch, 2009). Expanding in
2 =z2(¢*. q3), one obtains

1 al A o
fi(g?) = W;bf {Zl - (=G
N
folg®) = b9, (35)
=0

where N is the truncation order. Lattice results beyond zero
recoil are available for all B — 7z form factors (Bailey et al.,
2015a, 2015b) and can be incorporated into global fits to
available experimental data. The SM prediction is
(Bernlochner, 2015)

R(z) = 0.641(16). (36)

Higher-twist LCSR results are available for the B — p and
B — @ SM and NP form factors, in which they are para-
metrized by the optimized z=z(¢% ¢3,) expansion
(Bharucha, Straub, and Zwicky, 2016). These results may
be applied to obtain a correlated, beyond zero recoil fit
between the SM and NP form factors and the measured ¢°
spectra of the corresponding light-lepton modes. The SM
predictions from this fit are (Bernlochner, Prim, and
Robinson, 2021)
R(p) = 0.535(9), R(w) = 0.543(15). (37)
Quark model approaches have also been applied to the
double-heavy to heavy-light decays B, — D™ [v [see Ivanov,
Korner, and Santorelli (2006) and Leljak and Melic (2020)];
lattice results are anticipated soon for these decays.
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G. Inclusive processes

The inclusive process B — X /v, where X, is a single-
charm (multi)hadron final state of any invariant mass, admits a
different, cleaner theoretical description than the exclusive
processes. For instance, in the limit m;, — oo the inclusive
process is described simply by the underlying b — clv free
quark decay, rather than in terms of an unknown Isgur-Wise
function.

The square of the inclusive matrix element |(X.|J|B)|? can
be reexpressed in terms of the time-ordered forward matrix
element (B|T(J7J)|B). The latter can be computed via an OPE
order by order in 1/m, and aj, yielding theoretically clean
predictions. State-of-the-art predictions include 1/m3 terms
(Ligeti and Tackmann, 2014) and two-loop QCD corrections
(Biswas and Melnikov, 2010), which may be combined
to generate the precision prediction (Freytsis, Ligeti, and
Ruderman, 2015)

R(X,) = 0.223(4). (38)

as well as precision predictions for the dilepton invariant mass
and lepton energy distributions. Because the theoretical
uncertainties in B — X [v are of a different origin than the
exclusive modes, the measurement of B — X,.tv would
provide a hadronic-model-independent cross-check of lepton
flavor universality; see Sec. VI.C. The inclusive baryonic
decays A, — X.lv may be similarly considered; see
Balk, Korner, and Pirjol (1998) and Colangelo, Fazio, and
Loparco (2020).

H. New physics operators

NP may enter the b — czv processes via a heavy mediator
such that the semileptonic decay is generated by four-Fermi
operators of the form

c _ _
Oxy = % (Crxb) (TFYUT)’ (39)
eff

where I'x(y) is any Dirac matrix with X (Y) labeling the
chiral structure of the quark (lepton) current and cyy is a
Wilson coefficient defined at scale y ~m,,. The Wilson
coefficient is normalized against the SM such that A =
(2v2GV,,)""/? ~ 870 GeV. If we denote by M the char-
acteristic scale of an ultraviolet (UV) completion that matches
onto the effective NP operators in Eq. (39), then order 10%—
20% variations in R(D™*)) or other observables from SM
predictions typically probe M ~ A/ /Cxy ~a few TeV.
This is tantalizingly within reach of direct collider measure-
ments and near the natural scale for UV completions of
electroweak dynamics.

A common basis choice for I'y is the set of chiral scalar,
vector, and tensor currents: Pg;, y*Pgr;, and o*Pg,,
respectively. Assuming only SM left-handed neutrinos, the
lepton current is always left-handed, and the tensor current
may only be left-handed. It is common to write the five
remaining Wilson coefficients as cxy = cgg, Csr, Cyrs CyvL,
and cy. We use this notation for the Wilson coefficients
hereafter. As for the SM, the NP leptonic amplitude still takes
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the form D{nl,m2(91’¢1)’ with j =0 or 1, and |m;,| < j, and
the structure of the differential decay rate resembles Eq. (9),
but with additional dependencies on NP Wilson coefficients,
w, and r.

The (pseudo)scalar and tensor operators run under the
renormalization group (RG) evolution of QCD, while the
vector and axial vector operators correspond to conserved
currents and do not [for this reason the normalization of
Eq. (3) is well defined]. At one-loop order in the leading-log
approximation, the running of cggg,. 7 is dominated by
contributions below the top quark mass m, and only weakly
affected by variations in M ~ Ay. Electroweak interactions,
however, may induce mixing between cgp g, 7 that can
become non-negligible for RG evolution above the weak
scale (Gonzalez-Alonso, Camalich, and Mimouni, 2017). RG
evolution from M =~ Ay > m, to p=~./m.m, generates at
leading-log order
csrsL(#)/csrse (M) = 1.7, cr(u)/er(M) = 0.84.  (40)
These running effects are particularly important in translating
the low scale effective field theory (EFT) implications of
b — ctv measurements to collider measurements at high
scales.

I. Connection to other processes

LFUV in b — clv necessarily implies violation in the
crossed process B, — Iv. The latter decays are extremely
theoretically clean: Their tauonic versus leptonic LFUV ratios
are simply the ratios of chiral suppression and two-body
phase-space factors, i.e., m2(1 — r2)?/m%(1 — r2)?, in which
r; = m;/mpg_. These ratios are precisely known.

In the SM, the branching ratio

B[B, - Iv] = TBCG%|VCb|2m%F 511 =r7)?/8z,  (41)

in which the decay constant f =~ 0.434(15) GeV from lattice
data (Colquhoun et al., 2015) and the B. lifetime 75 =
0.510(9) x 1072 s is well measured (Zyla et al., 2020).
In particular, in the SM one predicts B[B, — 7v]~
2.2(2)% x (|V.p|/0.04)2.

In the presence of NP, the NP Wilson coefficients generate
an additional factor

m% (cgp—c 2
B[B. = tv] = Bsy |1+ ¢y —cyg +M
mr(mb+mc)

. (42)
where 7, ,, are quark masses in the rescaled minimal sub-
traction (MS) renormalization scheme at scale u entering via
equations of motion. Because the NP pseudoscalar current
induces a chiral flip, there is no chiral suppression in the
pseudoscalar term. As a result this term is enhanced by a factor
of mp_/m, ~ 3.5 versus the V — A current contribution. This
leads to large tauonic branching ratio enhancements that may
then be in tension with naive expectations that the B, hadronic
branching ratios ~70%-90% (Li, Yang, and Zhang, 2016;
Akeroyd and Chen, 2017; Alonso, Grinstein, and Camalich,
2017; Bardhan and Ghosh, 2019). A corollary is that a future
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measurement or bounds of B[B. — 7v] alone would tightly
constrain the NP pseudoscalar contributions.

In the absence of any NP below the electroweak scale, the
NP effective operators in Eq. (39) must match onto an
electroweak-consistent EFT constructed from SM quark
and lepton doublets and singlets under SU(2), x U(1),. In
particular, because the SM neutrino belongs to an electroweak
lepton doublet L;, electroweak symmetry requires the pres-
ence of at least two electroweak doublets in any operator that
generates the b — ctv decay. (An exception applies if right-
handed sterile neutrinos are present.) In any given NP
scenario, this may generate relations between b — ctv and
other processes that arise when at least one of the four
fermions is replaced by its electroweak partner. For example,
various minimal NP models, depending on their flavor
structure, may be subject to tight bounds from the rare b —
svv or b — str decays or bounds on Z — 7t or W — w
branching ratios (Sakaki er al., 2013; Freytsis, Ligeti, and
Ruderman, 2015), or the high-py scattering pp — brv
(Altmannshofer, Bhupal Dev, and Soni, 2017) and pp — 7z
or tv (Greljo and Marzocca, 2017; Greljo, Camalich, and
Ruiz—Alvarez, 2019). Ultraviolet completions with nontrivial
flavor structures may further generate relations to charm decay
processes or b — s£¢. The latter is particularly intriguing,
because of an indication for light-lepton universality violation
in the ratios (Aaij et al., 2017c, 2019c)

T[B = K]

Ry =0 22 MM
KT TB > KWee]

(43)

at the 26 to 30 level in each mode; see Sec. VI.E. Extensive
literature has considered possible common origins of LFUV in
semitauonic processes with LFUV in these rare decays. See
Bhattacharya ef al. (2015), Calibbi, Crivellin, and Ota (2015),
Buttazzo et al. (2017), and Kumar, London, and Watanabe
(2019), among many others, for extensive discussions of
combined explanations for semileptonic and rare decay LFUV
anomalies.

III. EXPERIMENTAL METHODS
A. Production and detection of » hadrons

Since the discovery of the b quark in 1977 (Herb et al.,
1977), large samples of b hadrons have been produced at
colliders such as CESR, LEP, and Tevatron. However, it was
not until the advent of the B factories and the LHC, with their
even larger samples and specialized detectors, that the study of
third generation LFUV in B mesons became feasible. This is
because of the stringent analysis selections that are required to
achieve adequate signal purity when reconstructing final states
that include multiple unreconstructed neutrinos. The B facto-
ries (Bevan ef al., 2014), KEKB in Japan and PEP-II in the
United States, took data from 1999 to 2010. Their detectors,
Belle (Abashian er al., 2002) and BABAR (Aubert et al.,
2013), recorded more than a billion BB events originating
from clean e'e™ collisions. The LHCb detector (Augusto
Alves et al., 2008; Aaij et al., 2015a) at the CERN LHC,
which started taking data in 2010, had recorded an unprec-
edented trillion bb pairs as of 2020, which allowed it to
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TABLE III.  Approximate number of b hadrons produced and expected at the B factories (Bevan et al., 2014; Altmannshofer ez al., 2019) and
at the LHCD experiment (Albrecht ez al., 2019), including some of the latest developments (Béjar Alonso et al., 2020). The LHCb numbers take
into account an average geometrical acceptance of about 15%. Note that the overall B reconstruction efficiencies at LHCb are usually
significantly lower than those at the B factories (see text). The two values of integrated luminosities and center-of-mass energies shown for Belle
and Belle II correspond to data taking at the Y(4S) and Y(55) resonances, respectively. The B-factory experiments also recorded datasets at

lower center-of-mass energies (below the open beauty threshold) that are not included in this table.

LHCb
Experiment BABAR Belle Belle 11 Run 1 Run2 Runs3+4 Runs5+6
Completion date 2008 2010 2031 2012 2018 2031 2041
Center-of-mass energy 10.58 GeV  10.58/10.87 GeV  10.58/10.87 GeV 7/8 TeV 13 TeV 14 TeV 14 TeV
bb cross section (nb) 1.05 1.05/0.34 1.05/0.34 (3.0/34)x 10° 56x10° 6.0x10° 6.0x 10°
Integrated luminosity (fb™!) 424 711/121 (40/4) x 10° 3 6 40 300
BY mesons (10%) 0.47 0.77 40 100 350 2500 19 000
BT mesons (107) 0.47 0.77 40 100 350 2500 19 000
B, mesons (107) 0.01 0.5 24 84 610 4600
Ay, baryons (10°) - e 51 180 1300 9800
B, mesons (10%) 0.8 4.4 19 150

compensate for the more challenging environment of pp
collisions. The recently commissioned Belle II experiment
and the LHCDb detector, to be upgraded in 2019-2021 and
2031, are expected to continue taking data over the next
decade and a half, surpassing the current data samples by more
than an order of magnitude. In the following, we describe how
b hadrons are produced and detected at these facilities.®
Table III summarizes the number of b hadrons produced
and expected at the B factories and at the LHCb experiment.

1. The B factories

KEKB and PEP-II produced B mesons by colliding electron
and positron beams at a center-of-mass energy of 10.579 GeV.
At this energy, e and e~ annihilation produces Y'(4s) mesons
in about 24% of the hadronic collision processes, with the
production of c¢ and other light-quark pairs accounting for the
remaining 76%. Together with other processes producing
pairs of fermions, the latter form the so-called continuum
background.

The Y(4s) meson is a bb bound state that, as a result of
having a mass only about 20 MeV above the BB production
threshold, decays almost exclusively to B*B~ or BB pairs.
Some limited running away from the Y(4s) resonance was
performed in order to study the continuum background and
the properties of the bottomonium resonances Y (1s) — T (5s).
The largest dataset produced by KEKB was used to study B,
mesons obtained from Y (5s) decays. However, the resulting

BYBY data sample was small, about 3% of the total BB
sample, as shown in Table III.

On the one hand, compared to hadron colliders, the bb
production cross section in lepton colliders such as the B

®Other current experiments might also be able to make contribu-
tions to semitauonic LFUV measurements in the future. For instance,
the CMS experiment at the LHC recorded in 2018 a large parked
sample of unbiased b-hadron decays, with the primary goal of
measuring the R ratios. This sample could conceivably also be
used to measure semitauonic decays if, e.g., the challenges arising
from the multiple neutrinos in the final state can be overcome.
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factories is much smaller: even at the thus far highest
instantaneous luminosity of 2.4 x 10’ cm™2s~! achieved
by SuperKEKB in the summer of 2020, BB pairs were
produced at a rate of only about 25 Hz. On the other hand,
one of the significant advantages of colliding fundamental
particles like electrons and positrons is that the initial state is
fully known; i.e., nearly 100% of the e*e™ energy is trans-
ferred to the BB pair. This feature can be exploited by tagging
techniques (Sec. III.C.1) that reconstruct the full collision
event and can determine the momenta of missing particles
such as neutrinos so long as the detectors are capable of
reliably reconstructing all of the visible particles. The BABAR
and Belle detectors managed to cover close to 90% of the total
solid angle by placing a series of cylindrical subdetectors
around the interaction point and complementing them by end
caps that reconstructed the particles that were ejected almost
parallel to the beam pipe. This is sketched in Fig. 2.

The specific technologies employed in both B-factory
detectors were described in detail by Bevan er al. (2014).
Four or five layers of precision silicon sensors placed close to
the interaction point reconstruct the decay vertices of long-
lived particles, as well as the first 10 cm of the tracks left by
charged particles. The trajectories and ionization energy loss
are measured by 40-50 layers of low-material drift chambers
as a function of distance (dE/dx) of charged particles. Time-
of-flight and Cherenkov systems provide particle identifica-
tion (PID) that allow kaon and pion discrimination. Crystal
calorimeters measure the electromagnetic showers created by
electrons and photons. A solenoid magnet generates the 1.5 T
magnetic field parallel to the beam pipe that bends the
trajectories of charged particles to allow for determination
of their momenta. A series of steel layers instrumented with
muon chambers guide the return of the magnetic flux and
provide muon and K9 PID.

Between 1998 and 2008-2010, the BABAR and Belle
detectors recorded a total of 4.71 and 7.72 x 10® BB pairs,
respectively. These large samples, which are still being
analyzed, allowed for the first measurement of CP violation
in the B system, the observation of B mixing, and many other
novel results (Bevan et al., 2014). These further included the

first observations of B — D)z decays (see Sec. IV), which

015003-13



Florian U. Bernlochner ef al.: Semitauonic b-hadron decays: A lepton flavor ...

KLM

150°  CDC

FIG.2. Leftpanel: side view of the Belle detector. See Abashian et al. (2002) for further details on the subdetectors and their acronyms.
The BABAR detector has a similar configuration. Right panel: view perpendicular to the beam axis. The displayed event is reconstructed
as a Y(4S) — B*B~ candidate, with B~ - D%, D’ - K~z", and 7~ — e v,7,, and the B decaying to five charged particles
(white solid lines) and two photons. The directions of undetected neutrinos are indicated as dashed lines. From Abashian et al., 2002,

and Ciezarek et al., 2017.

in turn began the study of third generation LFUYV, the
focus of this review. The success of the B factories has
led to the upgrade of the accelerator facilities at KEKB, so-
called SuperKEKB (Akai, Furukawa, and Koiso, 2018), such
that it will be capable of delivering instantaneous luminos-
ities 30 times higher than before. The upgraded Belle
detector, Belle II (Abe ef al., 2010), started taking data in
2018 with the aim of recording a total of more than 40 billion
BB pairs. The LFUV prospects for Belle II are discussed in
Sec. VILA.2.

2. The LHCDb experiment

At hadron colliders such as the LHC, b quarks are
predominantly pair produced in pp collisions via the gluon
fusion process gg — bb plus subleading quark fusion con-
tributions, with an approximate production cross section
o(bb) ~ 560 ub at \/s = 13 TeV, scaling approximately lin-
early in /s (Aaij et al., 2017a). Electroweak production cross
sections for single b quarks or pairs of b quarks via Drell-Yan
processes or Higgs or top quark decays are 5 or more orders of
magnitude smaller, with the largest such cross section
6(Z - bb) ~10 nb. As a result, b quarks are effectively
always accompanied in LHC collisions by a companion b
quark. This feature is extremely important for unbiased trigger
strategies enabling the study of one b-hadron decay while
triggering on the other.

At leading order, the hadronization of a b quark at the LHC
is similar to the one observed in detail by the LEP experi-
ments. For instance, the momentum distribution of the non-b-
hadron fragments, which is relevant for same-side tagging
studies, is well described by LEP-inspired Monte Carlo (MC)
simulations (Sjostrand e al., 2015). More important is the
relative production of the various b-hadron species: the main
features (dominant production of B® and B* mesons and a
sizable production fraction of B, and A,) are the same, except
that a much larger A, production fraction is observed for p;
(momentum transverse to the beam axis) below 10 GeV (Aaij
et al., 2019a). LHCb can also study the decays of B, mesons,
in spite of its low production rate, approximately 0.6% of the
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B production cross section (Aaij et al., 2015b). As discussed
in Secs. ILE and ILI, B. mesons provide an interesting
laboratory for testing LFUV in B, — J/wwv or B, - tv
decays.

The parton center-of-mass energy required to produce a b-
hadron pair at threshold is far smaller than the total available
collision energy in the pp system, leading to the production of
a significant fraction of bhb pairs with large forward or
backward boosts. This characteristic is the basis of the
LHCb experimental concept (Augusto Alves et al., 2008;
Aaij et al., 2015a), which studies the bb pairs produced within
a 400 mrad cone covering the forward region, corresponding
to a pseudorapidity 2 < 5 < 5. Despite this small solid angle,
the LHCb detector captures ~15% of the full bb cross section
(Aaij et al., 2018b).

Within this acceptance, the b hadrons have a typical
transverse momentum p; of 10 GeV, which corresponds to
an overall energy of ~200 GeV. This in turn corresponds to a
typical boost factor of about 50, resulting in a mean flight
distance of over 2 cm for each electroweakly decaying
ground-state b hadron: namely, BO-t, B,, B., or A,. The
sophisticated silicon trackers used in the LHCb detector
provide a typical position resolution of 300 ym for the B
vertex along its flight direction, which results in flight distance
significances between the b-hadron decay vertex and its
primary vertex (PV) of over 100c. This precision leads to
extremely clean signals even for high-multiplicity decay
channels where the combinatorial background is potentially
important (Aaij et al., 2018b), provided that the primary
production vertex can be identified.

The LHCb luminosity was kept low enough (Aaij er al.,
2015a) that the mean number of primary vertices per event
until 2018 was between 1 and 2. This number is expected to
rise to about 5 after the 2019-2021 upgrade (Bediaga et al.,
2012), and possibly to 50 after the 2031 upgrade (Aaij et al.,
2017b). The longitudinal size of the LHCb luminous region is
20 cm, so, with only a handful of pp interactions in a
given event, the primary vertex misconstruction is kept to a
low level. The ATLAS and CMS experiments typically
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accumulate 50 primary vertices in a given event (rising to 200
after 2027) and therefore face a different challenge.
Nevertheless, they are capable of cleanly reconstructing
low-multiplicity b-hadron decays thanks to their large cover-
age and high-granularity subdetectors. It should be stressed,
however, that for semitauonic b-hadron decays the goal is not
to simply isolate a decay vertex from a primary vertex, but
rather to identify a chain of vertices comprising the PV, the b-
hadron decay, and, in the case of hadronic-zr measurements,
the 7 decay. At the LHC, this is currently feasible only
at LHCb.

As is the case in the B factories, PID capabilities are critical
to properly identify b-hadron decays. For instance, at a hadron
collider, misidentifying a pion as a kaon could lead to
confusing a B, meson for a B meson, and identifying a
pion as a proton could lead to a A, baryon impersonating a B°
meson. PID information is provided by the two ring imaging
Cherenkov (RICH) detectors shown in the left panel of Fig. 3.

Table III lists the known production rates for all ground-
state b-hadron species at both LHCb and the B factories.
While the geometrical acceptance is included for the LHCb
values, the average trigger and analysis requirements must be
taken into account as well in order to compare LHCb with the
B factories. These requirements limit the LHCb useful yield at
LHCb to about 0.1% or less of the available sample. As an
example, for their respective measurements of Rg+, LHCb
(Aaij et al., 2021) and Belle (Choudhury et al., 2021)
reconstructed 3850 and 42.3 BT — K*utu~ signal candi-
dates. These correspond to 8.6 x 10™° and 54.9 x 10~
candidates per B meson in Table III, respectively, which
translates to an overall signal reconstruction efficiency for this
particular decay that is about 6 times lower for LHCb than
for Belle.

Another feature of LHCD physics is the large production rate
of excited b-hadron states: B**, By*, and A;* can be studied in
detail, as can baryons containing both b and s quarks, such as

/4 ﬁcibIil

Muon stations
Calorimeters M5

- M3
N HCAL

Magnet RICH2

&y, Qp, and their excited states. These can be useful to study
semitauonic decays because, as described in Sec. III.C.3, the
decay B};2 — BK can provide access to kinematic variables in
the B center-of-mass frame via B tagging.

B. Particle reconstruction

Ground-state b hadrons (i.e., hadrons decaying only
through flavor-changing electroweak currents) have lifetimes
of the order of 1 ps. Thus, they decay fast enough that they
must all be reconstructed from their more stable decay
products. At the same time, they live and fly long enough
that their decay vertices can be separated from the vertex of the
primary collision (e*e™ in the case of the B factories and pp
in the case of LHCb). The reconstruction of these stable decay
products proceeds in a similar fashion for the B factories and
the LHCb experiment, with some key differences.

1. Charged particle reconstruction

The trajectories of charged particles, “tracks,” are recon-
structed based on the energy deposits left in the trackers,
“hits.” The momenta of these particles are determined based
on the bending of these trajectories induced by the magnetic
fields in each detector. As shown in Figs. 2 and 3, charged
particles follow helical trajectories in the B factories due to
their solenoidal magnetic fields, while in LHCb the particles
are simply deflected by the dipole magnet. In either case,
charged track reconstruction proceeds with efficiencies of
over 95% [for p > 300 MeV at the B factories (Bevan et al.,
2014) and p > 5 GeV at LHCb (Aaij ef al., 2015a)] and the
momentum determination is achieved with a typical resolution
of 0.5%—1%.

The reconstruction of the b-hadron secondary vertices is of
primary importance to distinguish signal from background
decays, especially in LHCb. In the B factories (Bevan et al.,
2014), the decay vertices of the short-lived B and D mesons

FIG. 3.

Left panel: side view of the LHCb detector. See Augusto Alves ef al. (2008) and Aaij et al. (2015a) for further details on the

subdetectors and their acronyms. Right panel: side view of an event display for a B — D**7~, decay. The area around the interaction
point is enlarged in the inset at the top. The trajectory of the B® meson is indicated with a thick dotted line, and the trajectories of the
particles from the subsequent D** — D%z%, D® — K=z, and 7~ — W U,v, decays are illustrated with thick solid lines. Adapted from

Aaij et al., 2015a, and Ciezarek et al., 2017.
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were reconstructed with a resolution of 60—100 xm when they
decayed inside the vertex trackers (about 80% of the time),
and 100400 ym when they decayed outside. LHCb recon-
structs the impact parameter of the tracks, that is, their distance
to the primary vertex in the plane transverse to the beam line,
with an impressive resolution of 45 ym for p; = 1 GeV, and
down to 15 ym for high momenta tracks. As discussed in
Sec. III.A.2, the vertex resolution along the beam line is of the
order of 250 ym, which given the large boost of most particles
at LHCD is sufficient to suppress prompt background proc-
esses by multiple orders of magnitude (Sec. IV.C.2).

For both the B factories and LHCb, charged leptons have
generically clean signatures that can be differentiated from
other types of particles with high efficiency. Electrons are
reconstructed from tracks that match a cluster in the electro-
magnetic calorimeter with the appropriate shape and energy;
muons are generally identified as tracks that leave hits in the
outer muon detectors, with some additional inputs from the
other subdetectors. However, the performance of the two
kinds of experiments diverges substantially in the details.

At the B factories, both electrons and muons are recon-
structed with efficiencies over 90% and with low misidenti-
fication rates, though the performance is generally better for
electrons; see Fig. 4, Franco Sevilla (2012), and Aubert et al.

(2013). For instance, a typical 2 GeV electron is reconstructed
with 96% efficiency and a 0.3% pion misidentification
probability, whereas a 2 GeV muon would have 92%
efficiency and a 2.5% pion misidentification probability. In
contrast, at LHCb the electron reconstruction is much more
challenging because of the lower granularity of the electro-
magnetic calorimeter and the larger amount of material before it
compared to the B factories. A 20 GeVelectron is reconstructed
with about 90% efficiency for a misidentification rate of 2.5%,
while a muon with the same momentum would be recon-
structed with 98% efficiency for a 1% misidentification rate
[Fig. 5 and Aaij et al. (2015a)]. Additionally, the first level of
the LHCb trigger from 2010 to 2018 was implemented on
hardware and did not use information from the trackers,
resulting in trigger efficiencies much lower for electrons than
muons. This limitation will be overcome during the 2019-2021
upgrade by a software-only trigger.

Finally, charged light hadrons are identified primarily by
their signatures in the Cherenkov detectors, as well as the
energy deposition in the drift chamber for low momentum
particles in the B factories. The right panels of Figs. 4 and 5
show the separation achieved for several species of charged
hadrons in some of the Cherenkov detectors for BABAR and
LHCb, respectively.
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FIG.4. Examples of particle reconstruction performance for the BABAR detector; the performance for the Belle detector is similar. Left
panel: electron reconstruction efficiency. Middle panel: muon reconstruction efficiency. Right panel: Cherenkov angle measurement for
different particles species at BABAR’s detector of internally reflected Cherenkov light. Adapted from Franco Sevilla, 2012, and

Aubert et al., 2013.
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2. Neutral particle reconstruction

Another key difference between B factories and LHCb lies
in the ability to efficiently reconstruct neutral particles:
primarily photons in the case of LFUV measurements. The
low material in front of the B-factory calorimeters, as well as
their good resolution and granularities, allows them to fully
reconstruct final states that contain z° mesons decaying to two
photons (present, for instance, via the copious D° — K~z 7°
decay) as well as photons, such as those coming from D** —
D% decays. At LHCb, the previously discussed granularity
and detector material challenges, as well as the high number of
b hadrons, have thus far led its LFUV measurements to avoid
the reconstruction of final states with z° mesons or photons.

C. Kinematic reconstruction: The b-hadron momentum

One of the major challenges in the reconstruction of
semitauonic H, — H_.tv decays is the determination of the
parent b-hadron momentum. This momentum is necessary to
measure important kinematic variables such as the momentum
transfer ¢ = (py, — pu.)? = (p. + p,)% which is not
directly accessible because of the undetected neutrinos in
the final state. In measurements involving the 7 — £v decay,
the momentum of the parent b hadron is further employed to
reconstruct other invariants, such as the invariant mass of the
unreconstructed particles

mlzmss = (pu, — pu, — pe)?, (44)

and the energy of the charged lepton in the H,, rest frame

E; = (ps - pu,)/mu,. (45)

In these leptonic-z measurements, the signal and normaliza-
tion modes (H, - H.tv and H;, — H_.fv, respectively) are
reconstructed in the same exact final state, differing only in the
number of undetected neutrinos. Since normalization events
only have one neutrino, their reconstructed m2, . distribution
is sharply peaked at zero, in contrast to the broad m2.
distribution of signal events. Additionally, charged leptons in
the signal events are generated in the secondary z decay and
thus have a lower maximum E7 than those arising from
normalization H, — H_.fv decays.

In Sec. III.C.1 we describe how the B factories take
advantage of their precisely known ete™ beam energies to
determine the momentum of the signal B in a BB event by
reconstructing the accompanying tag B. This procedure is not
available in the busier hadronic environment of pp collisions.
Instead, LHCb employs the untagged methods detailed in
Secs. III.C.2 and III.C.3. These methods have much higher
efficiency than B tagging, but at the cost of significantly worse
Pu, resolution.

1. B tagging at the B factories

As described in Sec. III.A.1, the B factories produce B
mesons via eTe” — T(4S) — BB decays. Since the momenta
of the colliding electron-positron beams are known with high
precision, the complete reconstruction of one of the two

Rev. Mod. Phys., Vol. 94, No. 1, January—March 2022

B mesons (the tag B or By,,) can be used to fully determine the
momentum of the other B meson (the signal B or Bg;,) simply

via pg. = Pete- = DB,
This “tagging” has been implemented by the B factories
(Bevan et al., 2014) in the following ways:

* Hadronic B tagging—The B, is fully reconstructed in
final states that contain a charm hadron plus a number of
pions and kaons. The full reconstruction of the decay
results in the best possible Ps,, resolution (11%, as

shown in Fig. 6) at the price of a lower 0.2%-0.8%
efficiency (Table IV).

* Semileptonic B tagging.—The By, is reconstructed in its
Btag — D¢ decays. This leads to efficiencies as high
as 2% thanks to the large values of the semileptonic
branching fractions. The presence of an unreconstructed
neutrino, however, results in a poor resolution of p By,- 1O

mitigate this effect, analyses employing this technique
exploit the full reconstruction of the collision event and
require that no unassigned charged or neutral particles
should be present. They further avoid the direct use
of PBg,-

* Inclusive B tagging.—No attempt is made to explicitly
reconstruct the B decay chain. Instead, a specific By,
candidate is first reconstructed. The tag side is then
reconstructed using all remaining charged and neutral
particles. This leads to a high efficiency, but also poor
resolution of the tag-side momentum.

Table IV summarizes the performance of the most efficient
algorithms employed by BABAR, Belle, and Belle II. The
Belle II numbers are based on simulations.

The hadronic B tagging algorithm of BABAR is based on the
semiexclusive reconstruction (SER) of a charmed seed state of
a B — H_.X cascade. Here H,. can be either a charmed meson
or a J/y particle and X is a number of charged and neutral
pions or a single kaon. Combinations of seed mesons with

30 :_ l‘md ‘ ‘ ‘ ‘ ‘ _:

E -Bl at BaBar (11%) ]

\n 25 -Tvertex at LHCDb (19%) =
& F -RFA atLHCb (22%) ]
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S r .
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T 10F 3
X F 1
r : | ) .
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FIG. 6. Resolution on the ¢* reconstruction in simulated B —
D*zv decays for the different methods for estimating the Psy,
momentum. The 7z vertex and rest-frame approximation (RFA)
methods used at LHCDb are described in Secs. III.C.2 and II1.C.3,
respectively. Each value in parentheses corresponds to the rms of
the distribution. The various curves were extracted from Lees et
al. (2013) and Aaij er al. (2015¢, 2018b).

015003-17



Florian U. Bernlochner ef al.: Semitauonic b-hadron decays: A lepton flavor ...

TABLE IV. Reconstruction efficiencies of some of the B tagging
algorithms employed by the B factories. FEI stands for “full event
interpretation,” FR for “full reconstruction,” and SER for ‘“‘semi-
exclusive reconstruction.” The numbers were extracted from Lees
et al. (2013) and Keck er al. (2019).

B tagging Experiment Algorithm B* B0
Hadronic Belle 11 FEI 0.76%  0.46%
Belle II FEI (FR channels) 0.53% 0.33%
Belle FR 0.28% 0.18%

BABAR SER 0.4% 0.2%
Semileptonic Belle 1T FEI 1.80% 2.04%
Belle FR 0.31% 0.34%

BABAR SER 0.3% 0.6%

different X constituents are selected based on the purity
obtained from simulated samples.

Belle uses a similar ansatz, but relies on multivariate
methods (either neural networks or boosted decision trees)
to distinguish correctly reconstructed versus wrongly recon-
structed tag candidates in a staged approach. Figure 7 illus-
trates this procedure for the full-event interpretation (FEI)
algorithm described by Keck er al. (2019). This algorithm
reconstructs one of the B mesons produced in the collision
event using either hadronic or semileptonic decay channels.
Instead of attempting to reconstruct as many B meson decay
cascades as possible, the FEI algorithm employs a hierarchical
reconstruction ansatz in several stages. At the initial stage,
boosted decision trees are trained to identify charged tracks
and neutral energy depositions as detector stable particles (e™,
ut, K, xt, K9, and y). At the following stages, these
candidate particles are combined into composite particles (z°
and K9) and later heavier meson candidates (J/y, D°, D¥,
and D). For each target final state, a boosted decision tree is
trained to identify probable candidates. The input features are
the classifier outputs of the previous stages, vertex fit
probabilities, and the four-momenta. Candidates for D*O
D**, and D% mesons are formed similarly. At the final stage,
all the information of the previous stages is combined to assess
the viability of a By, candidate. The full reconstruction (FR)
algorithm uses a similar approach but one based on neural
networks instead of boosted decision trees (BDTs). A more
detailed description was given by Feindt ef al. (2011). The
performance of the FEI algorithm on early Belle II data was
discussed by Abudinén et al. (2020).

In the future deep learning or graph-based network
approaches might allow further increases in the reconstruction
efficiency of algorithms like FEI at Belle II (Keck, 2017;
Boeckh, 2020).

2.7 > -t &~ v vertex reconstruction at LHCb

At the LHC, the energies of the partons whose collisions
produce the bb pairs are not known, so it is not possible to
derive the four-momentum of one b hadron from the
reconstruction of the other. However, by taking advantage
of the excellent vertexing capabilities of LHCb, in the case in
which the 7 lepton decays to at least three charged particles,
the momentum of the parent b hadron in H, — H, ,7v events
can still be precisely determined up to a discrete ambiguity.
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FIG. 7. Schematic illustration of the FEI algorithm. From Keck
et al., 2019.
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This procedure was established in 2018 by the hadronic-z
measurement of R(D*") with t —» ztzT 7z v (Aaij et al.,
2018b).”

In general, about 100 tracks arise from a primary vertex
(PV) within a pp collision at LHCb, such that the location of
this vertex can be measured to an excellent precision of around
10 um along the beam direction. In B® - D**7~1, events
with the D** meson decaying promptly via the D** — D%z*
strong decay, the D° vertex can be reconstructed as the
intersection of its kaon and pion daughters with a 150 ym
precision along the z direction (Aaij et al., 2018b) (see Fig. 8,
top image). The vertex for the 7 — z~x"7n~ v decay can be
measured to a 200 ym precision. Because of the small angle
between the directions of the bachelor pion produced in the
D** decay and the reconstructed DY, their intersection has
poor precision and is not used in the determination of the
position of the B® vertex. Instead, this position is estimated
with a ~1 mm resolution as the intersection of the D** and 7
trajectories, where the 7 line of flight is approximated by the
7~ n"x~ direction. Thanks to the large boost of b hadrons at
LHCb (py ~ 50), these three vertices are well separated and
determine the directions of flight of the B° meson and 7 lepton
momenta (the unit vectors pp and p., respectively) with fairly
good precision.

With p, known and the z~z"x~ hadronic state fully
reconstructed, the = energy can be determined up to a twofold
ambiguity arising from the solution of the quadratic relation
(Pr = Prax)? = 0. This result, when further combined with p g
and the full reconstruction of the D*", in turn allows the
determination of the B momentum up to a fourfold ambiguity
from the quadratic (pg — pp- — p;)> = 0. The resulting over-
all ¢* resolution is around 19%.

3. Rest-frame approximation with 7 — v at LHCb

It is not possible to reconstruct the = vertex when the 7
lepton is identified by its one-prong = — v decay (Fig. 8,
bottom image). Thus, semitauonic measurements at LHCb
that make use of this decay mode estimate the momentum of

7 o . -
The channel 7 — 7~z 7~ v always includes contributions from
the 7 — 7z~ 7" 7~ 7°(2%)v channels unless otherwise specified.
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Hadronic-z &(D™)

FIG. 8. Reconstructed topologies for the B — D*rv decays in
the hadronic-7 (Aaij et al., 2018b) (top) and muonic-z (Aaij et al.,
2015c¢) (bottom) measurements of R(D**) at LHCb. The filled
circles correspond to the reconstructed vertices, and solid lines to
reconstructed particles. “PV” refers to the primary vertex, Az
indicates the distance in the z direction between the B® (or D**)
and 7z~ vertices, and a refers to the angle between the beam axis
and the momentum of the B meson.

the b hadron via the rest-frame approximation (RFA) instead.
This procedure assumes that the proper velocity of the H,
hadron along the z axis (the beam axis) is the same as that of
the reconstructed charm-muon system, pH .. This leads to the
relationship (py, )./my, = (Pun,)./Mup, . Since the direction
of flight of the b hadron can be determined by the displace-
ment of the H,, decay vertex from the primary vertex, the H,,
momentum can then be estimated via

mpg
\Pu,| = m—h(p,,H()Z\/ 1 + tan’a, (46)

uH .

where a is the angle between the H,, direction of flight and the
z axis, as shown in Fig. 8.

In the highly boosted regime of LHCb, the RFA is a fairly
good approximation that leads to an adequate overall ¢°
resolution of about 22% (see Fig. 6), albeit with a long tail on
the positive side and some bias. Note that this resolution is
highly ¢* dependent, as it varies between 34% for ¢*> <
5 GeV? and 7% at ¢*> > 9 GeV?>.

In general, semitauonic measurements at LHCb that make
use of the hadronic-z reconstruction will have better precision
for the reconstruction of kinematic distributions than muonic-
7 measurements. In contrast, the latter may have a better
ultimate precision in the determination of the ratios R(H,)
because they do not depend on external branching fractions in
the normalization of the signal H;, — H_.tv decays, such as
those used in Eq. (53).

In the future, LHCb may be able to improve the precision
on the b-hadron momentum reconstructrion by taking
advantage of the large samples of b hadrons that will be
collected over the next decade and a half. For instance, the
reconstruction of Bt mesons arising from B, — BTK~
decays allows for a higher-precision determination of the
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B™ kinematics by constraining the invariant mass of the B K~
system to the known B, mass, but it comes at the price of a
less than 1% reconstruction efficiency. This technique has
already been successfully employed to reconstruct B~ —
D(*'**)Ou‘z‘/ﬂ decays (Aaij er al., 2019b), and it could be
applied to semitauonic decays in the future as well.

IV. EXPERIMENTAL TESTS OF LEPTON FLAVOR
UNIVERSALITY

The decay B — D*rv was first observed in 2007 by the
Belle Collaboration (Matyja et al., 2007), and subsequent
measurements by BABAR (Aubert et al., 2008) and Belle
(Adachi et al., 2009; Bozek et al., 2010) found evidence for
B — Drv decays as well. These measurements all saw values
of R(D™) that exceeded the SM expectations, but the
significance of these excesses was low due to the large
uncertainties involved in these early results: above 20% for
R(D*) and over 30% for R(D). All of these measurements
have now been superseded, so they are not discussed further in
this review.

The first evidence for an excess of B — D*)zu decays was
reported by BABAR in 2012 (Lees et al., 2012), a measure-
ment that also included the first observation of B — Dzv
decays. Similar excesses have been reported since by the Belle
(Huschle et al., 2015; Sato et al., 2016; Hirose et al., 2018,;
Caria et al., 2020) and LHCb experiments (Aaij et al., 2015c,
2018b). The persistent nature of these anomalies has spurred
wide interest in semitauonic decays and, as a result, other
channels that proceed via b — urv or different b — ctv
transitions are being studied. Two such results have been
published thus far: Belle’s search for B — zrv decays (Hamer
et al., 2016) and LHCb’s measurement of R (J /) (Aaij et al.,
2018a). The first measurements of the polarization of some of
the decay products were reported by Belle (Sato er al., 2016;
Abdesselam et al., 2019) as well.

In this section we describe the key features of all of these
measurements regarding their event selection, background
determination, main uncertainties, and signal extraction. In
Secs. IV.A-IV.D the various results are grouped according to
their b-hadron tagging method, which, as we saw in Sec. III.C,
can be employed to determine the momentum of the parent b
hadron and has a substantial impact on the approach to
determining the signal yields and on the composition of the
background contributions. Table V shows an overview of the
results and the sections in which they are discussed.
Additionally, Sec. V offers a deeper dive into the various
sources of systematic uncertainty to which these measure-
ments are subject, as well the prospects for its reduction.
Section VI provides combinations of the various R(D™))
results and comparisons of all the observables with their
respective SM predictions.

There are, in addition, several measurements of the inclu-
sive B — X .tv rate that we do not cover in this section. These
comprise LEP measurements of b — Xtv (Acciarri et al.,
1994, 1996; Abreu et al., 2000; Abbiendi et al., 2001; Barate
et al.,2001) that require assumptions about the cancellation of
hadronization effects in order to be interpreted as B — Xtv
measurements, as well as a recent result that is unpublished
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TABLE V. Summary of the different results covered by this review,
classified by the measured observable and the deployed method. The
references for each experiment are given as table footnotes; the
relevant sections of this review are provided beneath each result.

Method
Observable Hadronic tag  Semileptonic tag Untagged
R(D) 0.440(58)(42)"*  0.307(37)(16)°
Sec. IV.A.1 Sec. IV.B.1
0.375(64)(26)°
Sec. IV.A.1
R(D*) 0.332(24)(18)"  0.302(30)(11)" 0.336(27)(30)°
Sec. IV.A.1 Sec. IV.B.1 Sec. IV.C.1
0.293(38)(15)°  0.283(18)(14)"  0.280(18)(25)(13)"
Sec. IV.A.1 Sec. IV.B.1 Sec. IV.C.2
0.270(35){ 35)®
Sec. IV.A.1
* (21)
P(D") —038(51) 3¢
Sec. IV.D.1
Fp (DY) 0.60(8)(4)"
Sec. IV.D.2
R(J /) 0.71(17)(18)'
Sec. IV.C.3
R(n) 1.05(51)
Sec. IV.A2

*BABAR (Lees et al., 2012, 2013), with p = —0.31.

*Belle (Caria er al., 2020), with p = —0.52.

“Belle (Huschle et al., 2015), with p = —0.50.

Belle (Sato et al., 2016).

‘LHCb (Aaij er al., 2015c¢).

‘LHCD (Aaij et al., 2018b), with  — z" 7"z~ v updated taking
into account the latest HFLAV average of B(B’—D*t¢v)=
(5.08£0.024+0.12)%. The third uncertainty is from external
branching fractions.

€Belle (Hirose et al., 2017, 2018), with single-prong 7 hadronic
decays.

"Belle (Abdesselam ef al., 2019) using inclusive tagging.

'LHCb (Aaij er al., 2018a).

‘Belle (Hamer er al., 2016) when combined with world-
averaged Br(B — ntv).

(Hasenbusch, 2018). A comparison of the predicted and
measured rates from inclusive and exclusive semitauonic
decays is presented in Sec. VI.C.

A. B-factory measurements with hadronic tags

We describe here some of the most recent semitauonic
results involving hadronic B tags: the measurements of B —
D™y decays by BABAR (Lees et al., 2012, 2013) and Belle
(Huschle et al., 2015) in Sec. IV.A.1, as well as a 2015 search
for B — mzv decays by Belle (Hamer er al., 2016) in
Sec. IV.A.2. An additional measurement of B — D"z
decays by Belle involving hadronic tags focused on the
polarization of the z lepton (Hirose ef al., 2017, 2018) and
is described in Sec. IV.D.

1. R(DY) with 7 — €vo
The BABAR experiment published the first high-precision

measurement of R(D™*)) based on their full dataset of
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471 x 10° BB pairs in 2012 (Lees et al., 2012, 2013).
The Belle experiment followed in 2015 with an analysis of
their 772 x 10° BB pair dataset (Huschle et al., 2015), which
employed a similar strategy. In both cases, signal
(B = D™7v) and normalization (B — D) £v) decays were
selected using the same particles in the final state: a D or D*
meson and a charged light lepton £ = e or p. In the case of
signal events, the light lepton ¢ comes from the secondary
7 — £vu decay, which leads to two additional neutrinos in the
final state and a typically lower lepton momentum. The D
mesons are reconstructed by combinations of K, K9, ', and
7° mesons with invariant masses close to the nominal D° and
D™ masses, which cover 25%-35% of the total D branching
fractions. The heavier D* mesons are identified using the
D*t — D% ", D*x% and D** — D°z% D decays.

To separate signal from normalization decays as well as to
reduce background contributions, the event is also required to
have a fully reconstructed hadronic By, and no additional
tracks; see Sec. III.C.1. As described there, the reconstruction
efficiency of the By, is only ~0.3%, but it allows these
measurements to accurately determine the four-momentum of
the signal B, which in turn is used to calculate the momentum
transfer ¢*> = (pp,, — pp)* and the missing momentum of

~Pp» = Pr=
missing mass

the unreconstructed neutrinos pi = Pp

Pete- = P, — Pp) — Pe- The
m2. . = p2.. peaks at zero for the one-neutrino normalization
events but has a broad distribution at positive values for signal
events with three neutrinos in the final state.

A key variable to further reduce background contributions
is Egcr: the sum of the energy deposits in the calorimeter that
are not associated with the tag or signal B decays. Events
involving signal and normalization decays have all their
visible final state particles reconstructed, but background
decays to D** mesons (among others) can enter the signal
selection when their daughter z° mesons or photons are
unassigned. Both BABAR and Belle feed Egc; to multivariate
classifiers that are trained to reject these background con-
tributions. In the case of BABAR, the output of the classifier, a
boosted decision tree, is required to have a minimum value for
the event to be selected. As we later describe, Belle fits the
output distributions of the classifier (from a neural network)
directly. Finally, only events with g> > 4 GeV? are selected, a
requirement that takes advantage of the momentum transfer of
signal events being kinematically constrained to lie above
m? =3.16 GeV2.

The number of signal, normalization, and background
events in each of the D°¢, D¢, D*°¢, and D**¢ data
samples is determined by maximum likelihood fits to the
observed data distributions. The ratios of yields for the
isospin-related contributions (such as D°Z vs D¢ or D*°¢
vs D*T#) are constrained by the known branching fractions
and simulated relative efficiencies. BABAR employs an addi-
tional fit without these constraints that checks the consistency
with the expected percent-level degree of isospin breaking.
The probability distribution functions (PDFs) that describe
each of the contributions are taken from Monte Carlo sim-
ulations that make use of the CLN form factor parametrization
(Sec. I.C.2) for the signal and normalization modes, the

se
invariant
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FIG.9. Projections of the signal fits for the BABAR (Lees et al., 2012) and Belle (Huschle et al., 2015) measurements of R(D(*>) with
hadronic tagging. (a),(b) Full m?, projections of the BABAR fit showing the normalization components for the D£ and D*¢ samples (a

combination of D®%¢ and DH*#). (c),(d) mrzniss projections of the BABAR fit focusing on the signal contributions at high m?>
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(e)—(h) Full projections of the fit to the neural network output o} by Belle in the region m?. . > 0.85 GeV? for the four D*)# samples.

LLSW form factor parametrization (Leibovich et al., 1997) for
B - D*lv decays,8 and other phase-space-based models
augmented with corrections from data control samples for
the rest of the background contributions. Additional assump-
tions on the D** branching fractions are described in
Sec. V.C.2.

The BABAR analysis employs a two-dimensional fit to the
m?2. . and the charged lepton energy in the B rest frame (E}),
while Belle fits the m?, distribution for m?. . < 0.85 GeV?
and the output of the classifier at high m?2, . Figure 9 shows
some of the relevant projections for both fits. The narrow
peaks in Figs. 9(a) and 9(b), including that of the feed-down
B — D*fv decays reconstructed in the D# sample with a
broader m2. . distribution, illustrate the power of hadronic
tagging in discriminating signal from normalization decays.
Table VI shows a comparison of their fitted yields. Although
the Belle dataset is 64% larger, the signal yields are about 40%
smaller due to the lower reconstruction efficiency. The
differences in the background yields are primarily due to
BABAR placing a requirement on the multivariate classifier
and Belle fitting its output instead.

The most challenging background contribution arises from
B - D*¢v and B — D**rv decays. The B — D**£v proc-
esses are estimated in control samples with the same selection
as the signal samples, except for the addition of a z° meson.
In these control samples, decays of the form B —
DWr'¢~0, have values of m2, close to zero, so their
yields are easily determined with fits to this variable. This fit
is performed simultaneously with the fits to the signal
samples, and the B — D**[v contribution to both is linked

miss

Table VII summarizes all the sources of uncertainty in the
R(D™) ratios measured by both analyses. The largest
uncertainties come from the B — D**[v contributions and
the limited size of the simulated samples (“MC stats”). The
latter uncertainty primarily affects the PDFs describing
the kinematic distributions of all the components in the fit.
The branching fraction ratios are calculated as

NSig €norm (47)

R( D(*)) =
N norm esig

where N, and N,qr, are the number of signal and normali-
zation events determined by the fit, respectively, and € /€porm
is the ratio of efficiencies taken from simulation. Since the
signal and normalization decays are reconstructed using the
same particles in the final state, many uncertainties cancel in
the ratio, leading to a relatively small 2% to 3% overall
uncertainty for this quantity.

Table VIII shows the results from the BABAR and Belle
analyses, which are compatible within uncertainties. The
isospin-unconstrained results from BABAR (Table XIX in
Sec. VILA) show good agreement with the expected percent-
level degree of isospin breaking. The total uncertainty on

TABLE VI. Comparison of the total yields extracted by the isospin-
constrained fits from BABAR (Lees et al., 2012) and Belle (Huschle,
2015). The “e ratio” column corresponds to the ratio of the Belle
fitted yields to the BABAR fitted yields normalized by the datasets,
4.71 x 10® of BB pairs for BABAR and 7.72 x 10% pairs for Belle.

Sample Contribution BABAR Belle € ratio
by the ratio of expected yields taken from the simulation.
A{m.t. llb . XP q fyl p q lb.u ) 10 Y B — D 489 320 040
itional backgrounds from continuum and combinatoria B — Dtv 2081 3147 0.64
B processes are estimated from data control samples and are B — DIy 506 239 0.29
fixed in the fits. Other background 1033 2005 1.18
D*¢ B — D*tv 888 503 0.35
B - D*¢v 11953 12 045 0.61
8 . . . B - D*Iv 261 153 0.36
As a reminder, throughout this review / stands for e, p, or 7, and # Other background 404 2477 374
represents e or p.
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TABLE VII. Summary of the relative uncertainties for the BABAR
(Lees et al., 2012) and Belle (Huschle et al., 2015) measurements of
R(D™) with hadronic tagging.

Uncertainty (%)

BABAR Belle
Result Contribution Syst.  Stat. Syst. Stat. Ratio
R(D) B- D"l 5.8 44 0.76
MC stats 5.7 4.4 0.78
B — DIy 2.5 33 1.30
Other background 3.9 0.7 0.18
Particle ID 0.9 0.5 0.54
Total systematic 9.6 7.1 0.74
Total statistical 13.1 171 131
Total 16.2 18.5 1.14
R(D*) B - D*lv 3.7 34 0.90
MC stats 2.8 3.6 1.31
B — D*lv 1.0 1.3 1.31
Other background 2.3 0.7 0.29
Particle ID 0.9 0.5 0.54
Total systematic 5.6 52 0.93
Total statistical 71 130 183
Total 9.0 14.0 1.56
TABLE VIII. Results of the BABAR (Lees et al., 2012) and Belle

(Huschle ef al., 2015) measurements of R(D(*)) with hadronic
tagging. The first uncertainty is statistical and the second is
systematic.

Result BABAR Belle
R(D) 0.440 £ 0.058 + 0.042 0.375 £ 0.064 £ 0.026
R(D*) 0.332 £0.024 £ 0.018 0.293 £ 0.038 £ 0.015

R(D™) in these measurements is dominated by the statistical
uncertainty, so the much larger data samples expected to be
collected by Belle II should improve these results
significantly.

Thorough checks of the stability of these results were
performed, including separate fits to the muon and electron

samples, fits to the various running periods, and fits to samples
with modified selection requirements that varied the signal
over background ratio S/B from 1.27 to 0.27. In all cases, the
results were compatible with the nominal result. Additionally,
a number of kinematic distributions of signal-enriched sam-
ples were compared with the fitted SM signal plus background
model and resulted in good agreement overall. Figure 10
shows the distributions for the energy substituted mass

mps = \/ Efeum — Phg» Which peaks at the B mass for correctly

reconstructed events, and Egcp . In both cases, the distributions
are consistent with the fitted signal events to be coming from
B mesons with no additional unreconstructed particles in
the event.

Finally, Fig. 11 shows the measured efficiency-corrected ¢>
distributions for B — D™*)zu decays and displays good agree-
ment with the SM expectations. The measured distributions
are also compared in Figs. 11(e) and 11(f) with the expect-
ations from the type-II two-Higgs doublet model (2HDM)
with tan 8/m - = 0.45 GeV~!, which proceeds primarily via
a scalar mediator. The BABAR analysis recalculates the signal
PDFs, reweighting the light-lepton momentum to approxi-
mately account for the changes in helicity, for each value of
tan #/my+ and fits the data again, so the data points in
Figs. 11(c) and 11(d) are somewhat different than those in
Figs. 11(e) and 11(f) due to the slightly different background
and signal cross-feed subtraction. Including systematic uncer-
tainties, this benchmark model is excluded at greater than
95% confidence level.

2. Search for B — mtv decays

Charmless semitauonic decays offer an interesting inde-
pendent probe of LFUV to complement the excesses observed
in various R(D)) measurements. Although they involve
different four-Fermi operators and are CKM suppressed, they
also offer access to third generation semileptonic decays in an
experimental setting with a significantly different background
composition. The most promising candidate for a first
observation is the B — mzv channel. Further, even modest
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FIG. 10. Checks on the kinematic distributions for events in the signal enhanced high-m?

2
and Huschle et al., 2015.
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type-11 2HDM with tan /my+ = 0.45 GeV~!, the value that reproduces that of R(D) measured by BABAR, in (e) and (f). The y? values
are calculated based on the statistical uncertainties only. Adapted from Lees et al., 2013, and Huschle et al., 2015.

precision could already strongly constrain new physics mod-
els involving scalar mediators such as the type-II 2HDM
(Bernlochner, 2015).

A first limit on the branching fraction of this decay was
obtained by Belle in 2015 (Hamer et al., 2016), which
followed a similar strategy to that employed by Belle’s
hadronic tag measurement of R(D)). For the B — mww
analysis, By, mesons are selected only when the best
candidate is compatible with the decay of a neutral B meson.
To boost the reconstructed number of B — zzv signal decays,
both electronic 7 — evv and hadronic one-prong 7 — zv and
7 — puv decays were included in the reconstruction. The signal
side is thus required to have at most two oppositely charged
tracks, with one of those tracks having a particle identification
compatible with an electron in the case of 7 — evv decays. For
the p™ — 7zt 70 reconstruction, neutral pion candidates, which
are not used in the tag reconstruction, are constructed from
neutral energy depositions in the calorimeter. If multiple p
candidates exist, the one with the mass closest to the nominal p
mass is kept. To reduce the background from B — X .Zv
decays, events with K; candidates are vetoed. Such candidates
are identified by a cluster in the outer K -and-muon detector

electromagnetic calorimeter near the flight path of the K,
candidate.

With all particles assigned to either the tag or signal side,
Excp can be reconstructed from the remaining neutral clusters
in the collision event. To further reduce the backgrounds, three
boosted decision trees are trained: one for each probed 7 decay
mode. The input variables are as follows:

e The four-momenta of all signal particles.

e ¢*> as calculated from the tag-side B meson four-
momentum and the signal-side pion with the highest
momentum for signal decays g> > m2, whereas lower
values are possible for the backgrounds.

 m2... For signal decays we expect a higher missing mass
because of the additional neutrinos in the final state.
Requirements on the classifier outputs are chosen to select
signal events such that each channel has an optimal statistical
sensitivity. The resulting number of signal events is then
extracted via a simultaneous fit of the respective Egcp
distributions. The postfit distributions are shown in Fig. 12.
The measurement quotes an upper limit of B(B — ztv) <
2.5 x 10™* at 90% C.L. This can be converted into a value of

(“KLM” in Fig. 2) with no energy depositions in the R(x) =1.05+£0.51, (43)
' ——Data i ——Data ——Data
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FIG. 12. Signal fit for the Belle measurement of B — zzv decays. The Excp distributions for the three reconstructed 7 decay modes are
shown: (left panel) 7 — evr, (middle panel) ¢ — zv, and (right panel) 7 — pv. Adapted from Hamer ez al., 2016.
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TABLE IX. Summary of the relative uncertainties for the meas-
urement of B — zrv decays by Belle (Hamer et al., 2016).

Uncertainty (%)

Contribution Syst. Stat.
B — X v 2.2

Signal modeling 1.8

Tagging calibration 4.6

K; veto 3.2

Particle ID 24

Bkg. modeling 4.4

Other 32

Total systematic 83

Total statistical 48
Total 49

which is compatible with the SM expectation of R(7)qy =
0.641 £ 0.016 (Bernlochner, 2015).

Table IX shows an overview of the systematic uncertainties
of the result. The largest systematic uncertainties stem from
the tagging calibration, as the measurement was not carried
out as a ratio with respect to the light-lepton mode. The K
veto, used to reduce the background from CKM favored
semileptonic decays, introduces a large uncertainty due to the
poorly known K; reconstruction efficiency.

B. Belle measurements with semileptonic tags

1. R(DY) with 7 — ¢vi

The first measurement of R(D*) using semileptonic tag-
ging was performed by Belle (Sato et al., 2016), a result that
was subsequently superseded by Belle’s combined measure-
ment of R(D) and R(D*) in 2020 (Caria er al., 2020). This
analysis employs the FEI algorithm (described in Sec. III1.C.1)
to efficiently identify semileptonic B meson decays of the
second B meson (By,) in the event. This allows for the full
identification of all particles and decay cascades in the
collision event and the reliable reconstruction of Egcy, the
unassigned energy in the calorimeter, as already defined in
Sec. IV.A. Tag-side B — D¢y decays are selected by
exploiting the observable

2

2E eumEpe, —my —m? .
b D¢ B D()f7 (49)

2|psllpperl

in which the energies and momenta E and p are all defined in
the center-of-mass (c.m.) frame [the Y (4S) rest frame] of the
colliding beams. In particular, note that £, and p ., are
the energy and momentum of the D*)# system, respectively,
and that in this frame Ej.,, = Ez. For B - D®)¢v decays
with a single final state neutrino, which satisfy
(ps — Ppey)? =m2 =0, the definition of cos@p -, corre-
sponds to the cosine of the angle between the tag B meson and
DXy system in the c.m. frame. Thus, for correctly recon-
structed tag-side B — D¥)#v decays, the right-hand side of
Eq. (49) falls in the physical region such that —1 <
cos@p py < 1 (with a tail toward negative values due to final
state radiation). However, for incorrectly reconstructed

cos Oy e,y =
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tag-side decays such as B — D**#v or semitauonic B —
DY z(= fuv)v decays, the right-hand side of Eq. (49) will
typically produce large negative values due to the absent
term (pp — ppey)?/2IpsllPpes] > 0, which is needed for
cos 0p ), to represent a physical cosine: see Fig. 1 of Sato
et al. (2016). Including finite resolution effects, a requirement
of cos@p py € [-2.1] thus captures most tag B — D) ¢fv
decays while strongly suppressing B — D**¢/v and B —
DWz(=£up)y decays.

On the signal side, lepton candidates are combined with D
and D* meson candidates. The decay modes used for the D° and
D candidates account for about 30% and 22%, respectively, of
the overall decay branching fractions. To further improve the
reconstruction, a decay vertex fit of the D daughter particles is
carried out. D*" candidates are reconstructed using both
charged and neutral slow pion candidates, and neutral slow
pion candidates and photons are used to build D*° candidates.
The selection is refined by applying requirements on the masses
of these candidates and other variables that are optimized to
maximize the statistical significance of the final result. In case
several tag- and signal-side candidates can be reconstructed, the
candidate combination with the highest tagging classifier output
from the FEL, and on the signal side the combination with the best
D vertex fit probability, is selected. Events with additional
unassigned charged particles or displaced tracks are rejected. At
this stage, all signal- and tag-side particles are identified and
Egcp can be reconstructed. Here only clusters in the barrel,
forward region, and backward region with energies greater than
50, 100, and 150 MeV, respectively, are included. For correctly
reconstructed normalization and signal decays, one expects no
unassigned neutral depositions in the detector and also that Excy,
peaks at zero with a tail toward positive values due to
reconstruction mistakes on the tag side, and to a lesser extent
due to beam-background depositions and noise in the
calorimeter.

To separate signal and normalization mode decays, a
boosted decision tree is trained with the following distinguish-
ing features, which are listed in order of importance:

* Signal-side cosfp p-,: for normalization mode decays
this variable will be in the physical range of [-1,1],
whereas for the signal mode large negative values are
expected.

* Approximate missing mass squared m?, (more details
are given in Sec. III.C). The additional two neutrinos
from the 7 decay will produce on average a larger
missing invariant mass than the normalization mode.

* The total visible energy E., = > ;E; of all recon-
structed particles i in the event: the two additional
neutrinos from the signal mode also will reduce the
visible energy observed in the detector, in contrast to the
normalization mode.

The classifier output Oy, is then directly fitted along with the
Egcp, of the event to disentangle signal, normalization, and
background contributions. This is done by exploiting the
isospin relations between the charged and neutral final states
for the normalization and signal contributions, i.e., by
fixing R(D*)°) = R(D™)*). The free parameters of the fit
are the yields for the signal, normalization, B — D**[v, and
feed-down from D®*)# components. The yields of other
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FIG. 13. Projection of the signal fit for the Belle measurement of R(D*)) using semileptonic tagging. The four panels correspond to
the four reconstruction categories: (top left panel) D7, (top right panel) D*°7, (bottom left panel) D*#, (bottom right panel) D**#. The
signal-enriched regions, which were obtained using a cut on a multivariate classifier, are shown in the insets. The uncertainties are only

statistical. Adapted from Caria et al., 2020.

background contributions from continuum and B meson
decays are kept fixed to their expectation values.

Figure 13 shows the full postfit projections of Ercp as well
as those in the signal-enriched region of O, > 0.9. The final
results are

sig

R(D) = 0.307 4 0.037(stat) + 0.016(syst),  (50)

(51)

with the first error being statistical and the second coming
from systematic uncertainties, and an anticorrelation of p =
—0.52 between the two values. The measurement is the most
precise determination of these ratios to date and shows good
compatibility with the SM expectation (Table I).

Table X summarizes the relative systematic and statistical
uncertainties on R(D) and R(D*). The limited size of the
simulated sample, used to define the fit templates and to train

R(D*) = 0.283 4 0.018(stat) & 0.014(syst),

These difficulties have been overcome by taking advantage of
the large data samples of b hadrons produced in high-energy
pp collisions and by cleverly estimating the kinematics of the
signal b hadron based on the particles that can be recon-
structed. The measurements described in Secs. IV.C.1
and IV.C.3 make use of the relatively clean muonic decays
of the 7 lepton to limit the background contributions and
estimate the B or B, kinematics with the so-called rest-frame
approximation (see Sec. III.C.3). The measurement detailed in
Sec. IV.C.2 takes advantage of the additional vertex that can
be reconstructed from ¢ — z~z " 7~ v hadronic decays not only
to reduce hadronic backgrounds by 4 orders of magnitude but

TABLE X. Summary of the relative uncertainties for the Belle
measurement of R(D")) using semileptonic tagging (Caria et al.,
2020).

Uncertainty (%)

the multivariate selection, results in the dominant systematic Result Contribution Syst. Stat.
uncertainty. Uncertainties frpm leptor} efficiencies and fafke R(D) B— Do, 0.8
rates cancel to only a certain extent in the measured ratios PDF modeling 4.4
because of the large differences in the momentum spectra of Other background 2.0
the signal and normalization decays. This leads to a sizable €5ig/ €norm 1.9
uncertainty of the efficiency ratios €y /€pom. Uncertainties Total systematic 52
from the B — D**[v background are less dominant. Total statistical 121
Total 131
C. LHCb untagged measurements R(D") B - D"¢v ¢ 14
PDF modeling 2.3
The measurement of decays with multiple neutrinos in the EOth/e; background ‘1‘41‘
final state is especially challenging at hadron colliders given ’lflftalm;;nstematic 4'9
the typically smaller signal-to-background ratios compared to Total statistical ' 6.4
the B factories and the inability to effectively reconstruct
. . . . Total 8.1
a tag b hadron to constrain the kinematics of the signal decay.
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also to estimate the momentum of the signal B meson
relatively precisely; see Sec. III.C.2.

1. R(D**) with 7 —» pww

The LHCb experiment published the first measurement of a
b — crv transition in a hadron collider environment in 2015
(Aaij et al., 2015c). This result was based on a 3 fb~! sample
of pp collision data and measured R(D*'), which under
isospin symmetry has the same value as R(D*°) to a very
good approximation. This first analysis chose to focus on
R(D*) over R(D) because the lower B — Dzv branching
fraction, the lack of a D* mass constraint, and the larger
contributions from feed-down processes make R(D) a sig-
nificantly more challenging observable to measure at a hadron
collider. A combined R(D) and R(D*) measurement from
LHCD is expected in the near future.

Signal (B° - D**77D,) and normalization (B° — D**y"p,)
decays are selected by requiring that the trajectories of a y~
and an oppositely charged D*' candidate, reconstructed
exclusively via the decay chain D** — D%(=K~z")x", are
consistent with a common vertex that is separated from the pp
PV. Events with an electron in the final state are not included
because of the trigger and calorimeter limitations described in
Sec. III.B. Compared to the B factories, the reduction in signal
reconstruction efficiency due to the exclusive use of muons
and a single D° decay chain is compensated for by the far
larger production cross section for B mesons at LHCb.

An isolation BDT is trained to reject events arising from
partially reconstructed B decays. For each additional track in
the event this algorithm evaluates the possibility that the track
originates from the same vertex as the D**y~ candidate based
on quantities such as the track separation from the decay
vertex and the angle between the track and the candidate
momentum vector. The signal sample is made up of events
where the D*"u~ candidate is found to be isolated from all
other tracks in the event.
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The isolation BDT is employed to further select three data
control samples: a D**u~K* sample that includes an addi-
tional kaon coming from the D**yu~ vertex, as well as the
D**u~z~ and D*"p~n~ " samples with an additional pion
and pion pair, respectively. The D**u~K* sample is enriched
in double-charm decays of the type B — D**H X, where H.
is a charmed hadron that decays semileptonically and X refers
to unreconstructed particles, while the samples with additional
pions are enriched in B — D**[v decays. Additional data
control samples based on wrong charge combinations of the
D** and D*" decay products and muon are used to measure
the combinatorial background. The misidentified muon back-
ground is estimated in a D**h* sample, where h™ is a track
that fails the muon identification requirements.

A three-dimensional binned maximum likelihood fit to the
q*, m2. [Eq. (44)], and E% [Eq. (45)] variables is performed
to determine the signal, normalization, and background yields,
as well as several parameters describing the shapes of the
different distributions. The momentum of the B meson, which
is necessary to calculate the three fit variables, is estimated via
the rest-frame approximation that is detailed in Sec. III.C.3.

The templates for the combinatorial and misidentified muon
backgrounds are taken directly from the previously described
data control samples, while the templates for the B —
D**H.X and B — D**lv backgrounds are based on
Monte Carlo simulations with corrections extracted from a
fit to the D*"u~K* and D*"p~ 7~ (n") samples. Figure 14
shows the excellent agreement between the data and the
resulting background model that is achieved.

The templates for the signal and normalization contribu-
tions are parameterized by CLN form factors (Sec. 11.C.2)
extracted from the fit to the signal sample. Figure 15 shows the
fit projection of the g? variable in the full range, as well as the
m?,... and E’ projections in the g* bin with the highest signal-
to-background ratio.

As Table XI shows, the limited size of the simulated
samples is the main source of systematic uncertainty in this
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FIG. 14. Projections of the control sample fits in the highest ¢ bin for the LHCb measurement of R(D**) involving muonic 7 decays.
(a),(b) D**u~n~ sample enriched in B — D**[v decays and (c),(d) a D**u~K* sample enriched in B — D**H X decays. Adapted from

Aaij et al., 2015c.
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FIG. 15. Projections of the signal fit for the LHCb measurement of R (D*") involving muonic 7 decays (Aaij et al., 2015c). Left panel:

full ¢* projection. Middle panel: m?2,  projection in the highest ¢> bin. Right panel: E projection in the highest ¢* bin.

analysis, followed by the uncertainty in the background
contributions and B — D*[v templates. The overall systematic
uncertainty is slightly larger than the statistical uncertainty, but
as discussed in Sec. V many of the systematic uncertainties are
expected to decrease commensurately with larger data sam-
ples. The result of this measurement is

R(D*t) = 0.336 + 0.027(stat) + 0.030(syst), (52)
which is in good agreement with the previous measurements
by the B factories.

2. R(D**)witht >z~ n*n v

Instead of a leptonic = decay, the 2018 measurement of
R(D*") by LHCb (Aaij et al., 2018b) employed the three-
prong 7= — n n x v, decay. This channel is interesting
a priori because it is presently the only 7 decay for which
it is practical to reconstruct the 7z decay vertex. This in turn
provides good precision on the reconstruction of the B°
momentum, as described in Sec. III.C. Moreover, when
aggregated with the 7= — 7~ 2t7~ 2%, channel, the three-
prong decays have a total branching fraction of 13.5%, which
is comparable to that of the muonic decay channel, and the
pion-triplet dynamics provides powerful discrimination
against the largest background contributions.

In this measurement, signal B® — D**7~p, decays are
selected by requiring that the trajectories of a 7~ lepton
and an oppositely charged D*' candidate, reconstructed
exclusively via the decay chain D** — D(=K~z")x", are
consistent with a common vertex separated from the PV. The =
lepton is reconstructed by requiring that the tracks of three
pions with the appropriate charges share a common vertex
(Fig. 8, top panel). Since the final state does not contain any
charged lepton, fully hadronic B® — D**z~ztz~X decays
initially dominate the selected event sample. However, this
background contribution may be reduced by 4 orders of
magnitude by taking advantage of the long 7 lifetime: the 77z
vertex in a signal decay is typically displaced downstream of
the B vertex. This allows one to distinguish such from the
prompt topology of B® — D**z~z*z~X decays, in which the
azr and the BY vertices overlap, by requiring that the distance
between the 7 and the B vertex positions along the beam axis is
larger than 4 times its reconstructed uncertainty (Fig. 16).
Additionally, strict isolation from other charged particles is
required to reject charm decays with more than three charged
daughters, as well as fake detached vertices where the D*
meson and the three pions come from other b hadrons present
in the event.

One of the major challenges in hadronic-z measurements
is that the normalization (B" — D*"u~p,) decays are not

10* T L — T T T T 1

LHCb simulation

TABLE XI. Summary of the relative uncertainties for the LHCb s Prompt (D*xwX)
measurement of R(D*") involving muonic 7 decays (Aaij er al., S 10 Double-charm (D*DX)
2015c¢). FF stands for form factor. = [l signal (D*7v)
Q 2

Uncertainty (%) ﬁs’ 10
Contribution Syst. Stat. g
Simulated sample size 6.2 o 10
Misidentified ¢ background 4.8
B — D**lv background 2.1 1
B — D*lv FFs 1.9 -8 —4 0 4 8 12 16 20
Hardware trigger 1.8 Azloy,
Double-charm background 1.5 _
MC data correction 1.2 FIG. 16. Distribution of the distance between the B° vertex and
Combinatorial background 0.9 the 7 vertex along the beam direction (Fig. 8, top panel) divided
Particle ID 0.9 by its uncertainty in simulated events for the LHCb measurement
Total systematic 89 of R(D*") involving ¢ — z~z "z~ v decays (Aaij ef al., 2018b).
Total statistical 8.0 The vertical line shows the 46 requirement used in the analysis to
Total 12.0 separate signal events in red (dark gray) from the prompt

background component in medium gray.
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measured simultaneously with the signal (B — D**777p,)
decays. Since absolute branching fraction measurements are
exceedingly difficult at LHCb, this analysis normalizes the
signal yield against that of the prompt B — D**z~ 7"z~
decay, which has the same particle content as the signal, and
then relies on two external branching fractions to calculate
R(D*) via

B(B — D*tv,)
B(B — D*nnn)|g

B(B — D*nnr)
X

R(D*) = B(E N D*/ll/ﬂ)

(53)

ext

After selecting events with large 7 flight significance, as
previously described, the dominant remaining background

(o, %)

contributions consist of double-charm B — D*™D () decays.

These decays were also the largest background contributions
to the muonic-z measurement of R(D*"), but their relative
amount in D and D] mesons are very different. Because of the
large inclusive branching fraction of the D meson to final
states with three pions (about 30%) and the small rate to
semileptonic final states, the double-charm background in the
hadronic-z sample contains 10 times more D mesons than
that for the muonic-z sample. Interestingly, the D7 inclusive
three-pion modes proceed mainly from two-body and quasi-
two-body decay channels involving 7, 7/, @, and ¢ mesons,
which leads to significantly different three-pion kinematics
with respect to those of the signal. That is, the t — 7z~ n 7 v
decay is well described within resonance chiral theory (Ecker,
Gasser, Leutwyler et al., 1989; Ecker, Gasser, Pich, and de
Rafael, 1989), which features chiral terms as well as single-
resonance p and double-resonance a; — p contributions
(Shekhovtsova et al., 2012; Nugent et al., 2013), leading to
prominent p peaks in the distribution of both the minimum and
maximum masses to the two z'z~ mass combinations:
min(m+,-) and max(m,+,-), respectively.

These kinematic differences are effectively exploited by a
BDT that also includes other variables such as the energy
measured in the electromagnetic calorimeter in a cone whose

axis is defined by the three-pion momentum. The kinematics
of the three-pion system in background D° and D* decays is
more similar to that in signal decays because the inclusive zzz
final state from these two mesons is dominated by the Ka;
channel (Zyla et al., 2020). Some discrimination is still
possible, however, due to the restricted phase space of this
virtual @; meson.

Many of the B branching fractions to double-charm final
states are known with poor precision or have not yet been
measured. The following data control samples are used to
reduce the uncertainty due to the composition of these
background contributions:

e A low-BDT sample enriched with inclusive D decays

constrains the composition of B — D*"D7X decays.
The simulation is reweighted to match a fit to the
min(m+,- ), max(m+,-), Myt -+, and my+,+ distribu-
tions. These variables capture the combined dynamics of
the various inclusive D] decay channels to three pions
[Figs. 17(a)-17(d)].

e A highly pure B » D*"D;(—»n"z"z")X sample se-
lected by imposing a requirement on m1,+ .- ,+ around the
D] mass. A template fit to the m-,-,+ distribution is
used to measure the relative fractions of D} mesons
produced directly and from D} or Di* decays. The shape
of the D} broad peak depends on the degree of
longitudinal polarization of the D} and was adjusted
in the simulation to reproduce the data. These measure-
ments are important since the g> distributions of these
decays differ significantly from each other, as shown in
Fig. 17(f).

e Clean B—D*DY(-K ztz z")X and B-
D*"D™(-K z"z7)X samples selected by explicitly
reconstructing the D° and D~ mesons. These samples
are used to monitor and understand the non-D; back-
ground composition.

A three-dimensional binned maximum likelihood fit to qz,

the BDT output, and the decay time of the reconstructed 7 is
performed to determine the signal and background yields.

~
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FIG. 17. Control sample fits for the LHCb measurement of R(D*") involving 7 — 7~z 7 v decays (Aaij er al., 2018b)
employed to evaluate the composition of the various double-charm background contributions. (a)—(d) Low-BDT sample.
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The calculation of ¢? relies on the B momentum determination
described in Sec. III.C.2. The decay time of the reconstructed
7 (t,) is computed from its flight distance and momentum
obtained by the partial kinematic reconstruction. This variable
is useful for separating 7 from D~ decays since the lifetime of
the D~ meson is 3.5 times longer than that of the 7 lepton. The
fit results for the LHC Run 1 data sample, corresponding to a
luminosity of 3 fb~!, are displayed in Fig. 18. An interesting
feature of this method relative to the muonic-r measurement is
that the highest BDT output bin provides a fairly clean sample
of signal decays with a purity of about 40%.

As shown in Table XII, the uncertainties related to the
double-charm background and the limited size of the simu-
lated samples are the dominant systematic uncertainties in this
measurement. The uncertainties due to the limited knowledge
of external branching fractions in Eq. (53), currently 4.6%, are
worth mentioning because, unlike many of the other system-
atic uncertainties, these will not be reduced with the increasing
LHCb data samples that will be collected. Instead, additional
measurements from Belle II will be needed (Sec. V.E).

The result of this measurement was reported as R(D*t) =
0.291 +0.019 £ 0.026 £ 0.013 in 2018. When one takes into
account the latest HFLAV average of B(B? — D**£v) =
5.08 £0.02 + 0.12)% (Ambhis et al., 2019), the result is

R(D*)=0.280+0.018(stat) +0.025(syst) £0.013,  (54)
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FIG. 18. Projections of the signal fit for the LHCb measurement
of R(D*") involving 7 — zn~xtx~v decays (Aaij et al., 2018b).
The four rows correspond to the four BDT bins for increasing
values of the BDT response.
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TABLE XII. Summary of the relative uncertainties for the LHCb
measurement of R(D*1) involving 7 — z~ " 7~ v decays (Aaij et al.,
2018b).

Uncertainty (%)

Contribution Syst. External Stat.
Double-charm background 5.4

Simulated sample size 4.9

Corrections to simulation 3.0

B — D**lv background 2.7

Normalization yield 2.2

Trigger 1.6

PID 1.3

Signal FFs 1.2

Combinatorial background 0.7

Modeling of 7 decay 0.4

Total systematic 91

B(B — D*zrr) 39

B(B — D*¢v) 2.3

B(zt = 3av)/B(r" = 377°%) 0.7

Total external 4.6

Total statistical 6.5
Total 12.0

where the third uncertainty is due to the aforementioned
external branching fractions.

3. R(J/y) with 7 - pvw

The ratio R(J/y) was measured for the first time in 2018
by the LHCb experiment (Aaij ef al., 2018a), thus opening the
possibility for the exploration of LFUV in decays subject to
very different sources of both experimental and theoretical
uncertainties compared to those in R(D™)). This measure-
ment leverages two of the key techniques developed for the
muonic R(D*') analysis described in Sec. IV.C.I: the
isolation BDT and the rest-frame approximation. Just as for
the R(D*') measurement, the 7 lepton is reconstructed via
T — b so that signal B, — J/wrv and normalization B, —
J /wuv decays share the same final state. The event is selected
if the only additional tracks close to the muon coming from the
7 decay are a pair of oppositely charged muons that form a
vertex separated from the PV and whose invariant mass is
compatible with the J/y — up decay.

The signal and normalization yields are extracted from a
four-dimensional binned maximum likelihood fit to g%, m? .
E7, and the proper time elapsed between the production and
decay of the B. meson: the decay time. The first three
variables are calculated with the same techniques as used
in the muonic R(D**) analysis (Sec. IV.C.1). The inclusion of
the decay time among the fit variables improves the separation
of B, decays from B, ,, decays because the B, lifetime is
almost 3 times shorter than that of the B, ;; mesons.

A key difference with respect to the R(D*)) measurements
is that background contributions from partially reconstructed
B, decays are significantly reduced thanks to the narrow
invariant mass of the J/y meson and its clean dimuon final
state. As a result of this reduction and the overall small B,
production rate, the main sources of background in the
R(J/w) analysis are misidentified H, — J/wh" decays,
where H,, is a more abundant b hadron and A" is a hadron
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incorrectly identified as a muon, as well as random combi-
nations of muons.

The template for the J/wh™' contribution is estimated by
applying the misidentification probabilities for different
hadron species, as determined in high-purity samples of
identified hadrons, to a control sample with a J/y and an
additional track that fails the muon identification. This
template is treated as free floating in the signal fit. The
combinatorial backgrounds are estimated in the sidebands of
the B, mass and the J/y masses, m(J/yu) > 6.4 GeV and
3150 < m(utu~) < 3190 MeV, respectively. The small con-
tributions from higher-mass B; — w(2S5)¢ 7, and B; —
x(1P)¢" D, are extracted from the fit with templates taken
from MC simulation.

Figure 19 shows the fit projections for m; .. over the full
range, as well as m2,; . and the B, decay time in the E} and ¢>
ranges with the highest signal-to-background ratio. The
agreement is good overall, and a small but significant signal
contribution at high m2.  and low decay times can be
observed.

Table XIII summarizes the sources of uncertainty in this
measurement. The leading contribution comes from the
B, — J/wlv decay form factors, which have not yet been
measured and had to be determined in the signal fit itself. As
discussed in Sec. ILLE, HQET cannot be used to describe a
decay with a heavy spectator quark. As a result, at the time of
publication of this measurement only quark model predic-
tions, untested by experiment, were available. The recent
results of lattice calculations will reduce this uncertainty

2

TABLE XIII. Summary of the relative uncertainties for the LHCb
muonic measurement of R(J/y) (Aaij er al., 2018a).

Uncertainty (%)

substantially. Sizable uncertainties also arise due to the limited
size of the simulated samples and the fit model. These are also
expected to be reduced in future measurements.
The result of this measurement is
R(J/w) = 0.71 £ 0.17(stat) & 0.18(syst), (55)
which lies within 2 standard deviations of the SM prediction
in Eq. (34).

D. Belle polarization measurements

1. 7 polarization with 7 — zv and 7 — pv

The Belle experiment measured (Hirose ef al., 2017, 2018)
the 7 polarization fraction P,(D*) introduced in Sec. I1.D.2.
The analysis strategy is similar to that of the hadronic tag
measurements of B — D*zv decays (Lees et al., 2012, 2013;
Huschle et al., 2015) but reconstructs the z lepton in the
hadronic one-prong 7 — zv and 7 — pv modes. For these final
states, the helicity angle cos 0;, can be explicitly reconstructed
by taking advantage of the fully reconstructed tag-side B
meson to boost the visible 7 daughter particles into the center-
of-mass frame of the 7o, lepton pair whose four-momentum

4= Pete = PByy — P (56)
The terms on the right-hand side of Eq. (56) are the momenta
of the colliding e™ e~ pair, the reconstructed tag-side B meson,
and the reconstructed D* candidate, respectively. In the 7o,
center-of-mass frame, the 7 energy and momentum magnitude
are fully determined by ¢? and the 7 lepton mass m, as
follows:

Contribution Syst. Stat. E q2 + m% |_, | q2 - m% (57)
=, p = —

Signal and normalization FFs 17.0 ‘ 24/ q? ‘ 24/ q?

Simulated sample size 11.3

;}t ‘.T(‘l‘)de_]f 4 back q 1;3 In this frame, the cosine of the angle between the spatial

isidentified u backgroun . . .

Partial B, background 6.9 momenta of the z lepton and its daughter meson / is

Combinatorial background 6.5 5 5

€gig/ €norm 0.9 cosf,, — 2E1Eh: me = My (58)

Total systematic 254 2| Bl Pal

Total statistical 239 -

Total 349 in which E, and |p,| are the daughter meson energy and
: absolute spatial momentum, respectively. By applying a boost
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into the 7 rest frame, one can then express the cosine of the
helicity angle as

1 -
cos ), = 5 (71Pn| cos 0, — yBE,). (59)
h
In Eq. (59 y=E,/m, p=|pl|/E, and |pj|=

(m? —m?)/2m, denotes the absolute daughter meson spatial

momentum in the 7 rest frame.

To reduce backgrounds, only candidates with g*> > 4 GeV?
and with a physical value of cos@), € [—1, 1] are retained.
Unassigned neutral energy depositions fulfilling photon-
energy reconstruction criteria are summed to reconstruct
Egcr and only candidates with Egcp < 1.5 GeV are retained.
In order not to be dependent on the B,,, reconstruction, whose
efficiency likely differs between data and simulation, the
measured signal event yields are normalized to B — D*/v
events. These can be identified and separated from back-
ground processes using m2._; cf. Sec. IIL.C. For both signal
and normalization candidates, events with additional charged
tracks or z° candidates are rejected.

The observables R(D*) and P,(D*) are extracted from a fit
to the Egcp distribution in two bins of cosé,: [—1,0] and
[0, 1]. This fit is performed simultaneously on the two 7 decay
samples, ¢ — zv and 7 — pv. The free parameters in the fit
include the yields for the B - D*tv, B - D*¢v, B - D**lv,
continuum, and fake D* contributions, among others.
Figure 20 shows the fitted Egcp distribution for all the
reconstructed modes combined together. The fitted signal
yields are then converted into measurements of R(D*) and
P.(D*) with

1 € N
D) — norm 1VYsig
RIDY) = Bl = ) cag Noom' (60)

) N0059h>0 _ Nc050h<0

P,(D*) ==—¢ sig (61)
cos 0,>0 cos 0,<0
@ Nsig + Nsig
M signal B>D*v; [ Fake D*and q§

rcross feed [l Eﬁa%mr’]ivé ad 4 Data
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FIG. 21. Values of R(D*) and P,(D*) (white star) and the 1o,

20, and 30 contours as measured by Belle (Hirose ez al., 2017).
The SM expectations (Tanaka and Watanabe, 2013; Ambhis et al.,
2019) are shown as a white triangle. The gray band shows the
then-world-average measurement of R(D*).

with @ a factor that accounts for the sensitivity on the
polarization and efficiency differences of both channels.
The obtained values are

R(D*) = 0.270 £ 0.035(stat) TJ-05% (syst), (62)
P.(D*) = —0.38 & 0.51(stat) TJ74 (syst), (63)

with a total correlation including systematic uncertainties of
p = 0.33. These results are in good agreement with the SM
expectations, as shown in Fig. 21. A summary of the
uncertainties on these measurements can be found in
Table XIV. The largest systematic uncertainties stem from
the composition of the hadronic B meson background and the
limited size of the simulated samples used to determine the
fit PDFs.

2. D* polarization with inclusive tagging

In Abdesselam et al. (2019), the Belle experiment reported
a first preliminary measurement of the longitudinal D*
polarization fraction F ;(D*) (see Sec. ILD.2) based on

TABLE XIV. Summary of the relative uncertainties for Belle’s

S hadronic tag measurement of R(D*) and P, (D*) (Hirose ez al., 2017,
8 2018).
0
g Uncertainty (%)
= Result Contribution Syst. Stat.
2 R(D") B — D" ¢1, 2.4
:>j PDF modeling 34
Other background 8.4
6‘sig/enorm 32
Total systematic 99
% 0204 0608 1 12 14 Total statistical 12.9
Eec, (GeV) Total 16.3
P.(D*) PDF modeling 33
FIG. 20. Signal fit for the measurement of the t polarization Other background 31
fraction P,(D*) by Belle (Hirose er al., 2017). The fits to the Total systematic 48
. Total statistical 134
neutral and charged B candidates as well as the 7 — zv and 7 —
. . Total 143
pv decay modes and the two cos @, bins are combined.
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inclusively tagged events (Sec. III.C.1). First, a viable B —
D*~tty, signal candidate with r — Zvp ort — zv and D*~ —
D’z is reconstructed. The D° meson is reconstructed in
D - Ktz=, D° - K*z=7° and D° —» K*ztz~ 7~ modes.
Thereafter, no explicit reconstruction is attempted of the
other (tag) B meson produced in the e*e™ collision. Instead,
an inclusive reconstruction approach that sums over all
unassigned charged particles and neutral energy depositions
above a certain energy threshold in the calorimeter is
employed. Compared to hadronic or semileptonic tagging,
this approach has the benefit of a higher reconstruction
efficiency, as it does not rely on the correct identification of
the decay cascades, but results in a poorer B momentum
resolution.

The tag side is required to be compatible with a well-
reconstructed B meson by requiring

Mtag = Elz)eam - |ptag‘2 > 5.2 GeV (64)

and —0.30 < Eyye — Epeam < 0.05 GeV, where Epe,p = +/5/2
is the energy of each of the colliding e*e™ beams in the
c.m. frame.

The sizable background contributions are suppressed with
the signal-side normalized variable

E.iss — [Pp- +
Xmiss _ Zmiss - |pD Zpd, , (65)
Ebeam — My

where Eyis = Epeam — (Ep+ + E,4,) and d, refers to the visible
7 daughter. Events with one neutrino have values of X ;. in
the range [—1,1], while events with multiple undetected
particles tend to take larger values. The analysis optimizes
the signal significance by requiring X ;s to be larger than 1.5
or 1 for the 7 = Zvv and 7 — zv decay modes, respectively.

The helicity angle 6, is defined as the angle between the
reconstructed D and the direction opposite to the B meson in
the D*~ frame (see the definition in Fig. 1; the Belle analysis
uses the notation 6y). Because of the low D* reconstruction
efficiency for cosé, > 0, the analysis focuses on the —1 <
cos @, < 0 range. The signal yields are extracted in three bins
of cos @, from fits to the M,, distribution; see Fig. 22 for an
example. Most backgrounds do not peak in this variable, with
the exception of semileptonic decays into light leptons. The
yields for these peaking contributions are determined in the
sidebands of kinematic variables. The D* polarization fraction
is determined by a fit to the signal yields as a function of
cos ,,. Given the size of the cos 6, bins, resolution effects are
assumed to be negligible. Figure 23 shows the measured
helicity angle distribution, corrected for acceptance effects.
The resulting fitted value for the longitudinal D* polarization
fraction is

Fy.(D*) = 0.60 £ 0.08(stat) & 0.04(syst),  (66)

with its uncertainty dominated by the limited size of the data
sample. The largest systematic uncertainty in this measure-
ment stems from the signal and nonresonant background
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FIG. 22. Signal fit to the lowest cos 8, bin, [-1,—0.67], in the
D° — K*7~7° channel for the measurement of the longitudinal
D* polarization fraction by Belle (Abdesselam et al., 2019). The
red (gray dash-dotted) curve corresponds to the signal contribu-
tion, and the blue (dark gray dashed) and green (light gray dotted)
curves display the nonresonant and resonant background con-
tributions, respectively.

shapes used in the M, fits, followed by the uncertainty on the
modeling of B — D**zv decays.

This result agrees with the SM prediction of F; ,(D*)gy =
0.455(6) (Sec. I.D.2; from an arithmetic average of the
various SM predictions) at the 1.60 level. An important
control measurement is the D* polarization of the light-lepton
states, F; »(D*) = 0.56 £ 0.02 (statistical uncertainty only),
which is in agreement with the prediction of F ,(D*)BLPR =
0.517(5) within 2.1 standard deviations.

V. COMMON SYSTEMATIC UNCERTAINTIES AND
FUTURE PROSPECTS

The different measurements of R(D™)) thus far are fairly
independent of each other because their uncertainties are
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FIG. 23. Measured cos 6, distribution in B = D*~zty, decays
for the determination of the longitudinal D* polarization fraction
by Belle. The red (dark gray) solid curve shows the best fit of the
longitudinal polarization fraction and the yellow (light gray) band
corresponds to the SM expectation (Huang et al., 2018). Adapted
from Abdesselam et al., 2019.
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TABLE XV. Summary of the uncertainties on the R (D)) measurements. The “other background” column primarily includes contributions
from DD and combinatorial backgrounds. The “other sources” column is dominated by particle identification and external branching fraction

uncertainties.
Systematic uncertainty (%) Total uncertainty (%)
Result Experiment 7 decay Tag MC stats D™y D*[y Other background Other sources | Syst. Stat. Total
R(D) BABAR' 1477 Hadronic 5.7 2.5 5.8 39 0.9 9.6 13.1 16.2
Belle” 147 Semileptonic 4.4 0.7 0.8 1.7 3.4 52 121 131
Belle* 1477 Hadronic 44 33 44 0.7 0.5 71 17.1 18.5
R(D*) BABAR' 47 Hadronic 2.8 1.0 3.7 23 0.9 5.6 71 9.0
Belle® 1277 Semileptonic 2.3 0.3 1.4 0.5 4.7 49 6.4 8.1
Belle* 27 Hadronic 3.6 1.3 34 0.7 0.5 52 13.0 14.0
Belle’ 7, pv Hadronic 3.5 2.3 2.4 8.1 2.9 9.9 13.0 16.3
LHCb® arn(z®)v 49 4.0 2.7 5.4 4.8 10.2 6.5 12.0
LHCb' pHov 6.3 22 2.1 5.1 2.0 89 8.0 12.0

See Lees et al. (2012, 2013).
®See Caria et al. (2020).

‘See Huschle er al. (2015).
4See Hirose et al. (2018).
°See Aaij et al. (2018b).

'See Aaij et al. (2015¢).

dominated by the limited size of the data and the simulation
samples. However, over the next decade and a half, Belle II
and LHCb will collect data samples 50 to 200 times larger
than those used for the present measurements of R(D(*))
(Table III), so the relative impact of other systematic uncer-
tainties will increase. Some of these uncertainties are due to
aspects of the experimental analysis that are shared among all
measurements, and can therefore lead to common systematic
uncertainties. As a result, the combination of the measure-
ments will entail a more complex treatment of these uncer-
tainties. Table XV and Secs. V.A-V.F describe the main
sources of systematic uncertainty in the measurement of
R(D™) and the level of commonality among the various
approaches.9

We also discuss in Secs. V.A—V.F the future prospects to
reduce the total uncertainty in R(D™*)), as well as in LFUV
ratios in many other decay modes, down to a few percent or
less. In particular, reducing the systematic uncertainties
commensurately with the statistical uncertainties will require
meeting key challenges in computation, the modeling of b-
hadron semileptonic decays, and background estimation in the
years to come.

A. Monte Carlo simulation samples

Table XV shows that one of the principal sources of
uncertainty in the R(D")) measurements arises from the

‘Note that, while some uncertainties are multiplicative, i.e., they
scale with the resulting central value (such as uncertainties on the
signal efficiency), the majority of the uncertainty is additive (such as
uncertainties associated with the background subtraction or signal
shapes). As a result, changes in the central values would alter the
value of the uncertainty when expressed as a percentage. However,
given that the overall uncertainty has become smaller than 20% and
that the central values are starting to converge (see Fig. 25), the
presentation of uncertainties as percentages should give a broadly
accurate representation of the uncertainties and allow for compar-
isons across different measurements.
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limited size of the simulation samples. This limitation results
in large uncertainties through two different but parallel
considerations: First, B — D[ decays have some of the
largest B branching fractions, necessitating enormous simu-
lation samples to acceptably model the data. Such uncertain-
ties, however, are statistical in nature and thus independent
among different experimental analyses.

Second, semitauonic decays involve final states with
multiple neutrinos, which escape detection. As a result, the
reconstructed kinematic distributions employed to separate
signal from background events are broad and difficult to
describe analytically. Instead, experiments rely upon
Monte Carlo simulations to derive the templates that are used
in the signal extraction fit. Because of the broad nature of
these distributions, multiple dimensions are necessary to
disentangle the various contributions, which results in the
simulated events being widely distributed among the numer-
ous bins in the templates.

Monte Carlo—based uncertainties can be reduced simply by
producing more simulated events. However, given the size of
future data samples, it will be both a time and a cost challenge
to continue producing simulated events in sufficient numbers
such that these uncertainties remain controlled. Thus, different
solutions will need to be considered. At present the most
promising approaches are as follows:

(i) Hardware—The high-energy physics (HEP) com-
munity has historically relied upon the exponential
increase in computing throughput for relatively
stable investments. As this exponential growth
slows, either greater funding will have to be found
or new avenues will need to be explored to keep up.
Monte Carlo simulations are highly parallelizable,
which makes them a favorable target for graphics
processing unit (GPU) computation. Efforts to make
increasing use of GPUs are under way, and expertise
and appropriate tools will have to be further devel-
oped by the HEP community to ensure the wide-
spread adoption of GPUs and reaping of their
benefits.

015003-33



Florian U. Bernlochner ef al.: Semitauonic b-hadron decays: A lepton flavor ...

(i1) Fast simulation (FastSim)—The most resource
intensive step in the generation of simulated events
is the simulation of the detector response. Several
procedures have been developed and are already in
use that accelerate this step by simulating only parts
of the detectors, or parametrizing its response; see
the examples given by de Favereau et al. (2014) and
Miiller et al. (2018). New machine learning tech-
niques such as generative adversarial networks may
be able to further optimize this aspect of event
simulation. See, for example, Vallecorsa (2018) and
Erdmann, Glombitza, and Quast (2019) for proof-of-
concept studies.

(iii) Aggressive generator-level selections.—These can
help reduce the number of events that need to be
fully simulated. Fiducial selections are already
widely applied, but as data become abundant and
the computing resources are stretched thin, analyses
may have to start focusing on reduced regions of
phase space with an even better signal-to-noise ratio.
The generator-level selections would then have to be
adjusted as closely as possible to these reduced areas
to maximize the physics output of the simulation.
For Belle II an attractive option to increase the
size of simulated samples in analyses that use
hadronic tagging would be to generate only the
low branching fraction modes actually targeted by
the tagging algorithms. See, for example, Kahn
(2019) for a proof-of-concept implementation using
generative adversarial networks.

Note that none of these approaches alone will be sufficient
to cover all future needs. For instance, the FastSim imple-
mentations currently employed at LHCb allow for simulated
events to be produced with about 10 times fewer resources
than those with full simulation. However, this order of
magnitude improvement covers only the increased needs
from Run 1 (3.1 fb1) to Run 2 (6 fb™!, twice the bb cross
section and higher efficiency than in Run 1). Meeting the
needs for the 50 ab™! that will be collected by Belle II, or the
300 fb~! by LHCb, will probably involve the combined use of
the previously listed approaches (and perhaps others).

B. Modeling of B - D™y

As discussed in Sec. II, the predominant theoretical uncer-
tainties in the modeling of b — czv decays arise in the
description of their hadronic matrix elements. Precision para-
metrizations of these matrix elements are currently achieved
either by data-driven model-independent approaches, such as
fits to HQET-based parametrizations (Sec. I1.C.2), or by lattice
QCD results (Sec. II.C.5), or by a combination of the two. This
applies to predictions for both the ground states and the excited
states (Sec. II.E) that often dominate background contributions.
In the case of B — D*)£v, these approaches have led to form
factor determinations whose uncertainties contribute only at
the 1% to 2% level in the measurements of R(D™)).

Especially for semitauonic analyses using the electronic
or muonic 7z decay channels, a reliable description of
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B — D¢y semileptonic decays is a critical input for con-
trolling lepton cross-feed backgrounds. The hadronic = decay
analyses also rely on these light semileptonic inputs, but to a
lesser extent. Finally, there is some degree of additional
uncertainty in the modeling of the detector resolution for
the kinematic variables that these analyses depend upon that
can be shared across results from the same experiment.

C. B - D*tv and other B — D** backgrounds

1. Evaluation and control of systematic uncertainties

Excited D** states decay to D*, D°, or D* mesons plus
additional photons or pions, which can escape detection. As a
result, both B - D**¢/v and B — D**tv decays can easily
lead to extraneous candidates in R(D*)) analyses, although
the former contributes only to measurements that employ the
leptonic decays of the 7 lepton. In hadronic-z analyses,
another background source associated with D** production
is formed by B — DD decays with D} — zt 7z 7zt X.
While all analyses exploit dedicated D** control samples
where some of the parameters describing these contributions
are measured, a number of assumptions are shared among the
various measurements, namely, the form factor parametriza-
tion of the B — D**lv decays (Sec. IL.LE) and the D** decay
branching fractions.

The first data-driven fits of the B — D** form factors have
been performed (Bernlochner and Ligeti, 2017; Bernlochner,
Ligeti, and Robinson, 2018), but the resulting parameters,
especially for the broad states, are not yet well constrained.
The chosen approach is, however, improvable with future
data. Just as for the B — D*) modes, data-driven predictions
for B — D** [Eq. (29)] are thus likely to improve in precision
until they reach the naive order of the 1/m? contributions (i.e.,
a few percent), beyond which the number of parameters
required to describe higher-order effects becomes too large to
be effectively constrained. Combination with future LQCD
results [see, for example, Bailas ef al. (2020)], however, may
permit even more precise predictions. Additionally, the
R(D*™) ratios have not yet been measured, so the various
experiments have relied on theoretical predictions, assigning a
relatively large uncertainty. The size of this uncertainty is,
however, arbitrary and could lead to a common underestimate
of the systematic uncertainty from the D** feed-down; see
Sec. V.C.2. With the latest theoretical predictions [Eq. (29)],
this uncertainty should be reduced in the future.

Dedicated experimental efforts are also presently ongoing to
further address these issues. In particular, they are as follows:

(i) Improved measurements are anticipated for the B —

D**¢v relative branching fractions and kinematic
distributions such as the four-momentum transfer
squared or further angular relations. This is espe-
cially important for the broad D} and Djj states,
which are still poorly known compared to the narrow
D, and D3 states. Such measurements can in
principle already be carried out with currently
available datasets.

(ii) Measurements involving a hadronized W — D,

ie., B— (D" - D¥z)D}{ (Aaij et al, 2020a;
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LHCb Collaboration, 2020). This approach offers
much better sensitivity to decays involving the wide
D** states because the D™)  spectrum can be cleanly
measured via the sideband subtraction on the narrow
B mass peak. Additionally, the presence of a D
meson in the final state offers two unique features:
(a) in contrast to decays where the virtual W
produces a single pion, the g* range for production
of a D} meson is in the range of interest for
semitauonic decays, and (b) the relative rates of
the various D** states can be measured when
associated with both spin-0 (D;) and spin-1 (D})
states.

(iii) The direct measurement of B — D**rv decays for
the narrow states D** = D, or D3. When combined
with the estimated branching fractions for the
narrow D** versus the total D** rate and expect-
ations from isospin symmetry (the feed-down is
dominated by D*** states, while much better ex-
perimental precision will be achieved for D**9),
these B — D**zv results might be used to control the
D** feed-down rate in the R(D™)) signal regions.

Significant progress can therefore be expected in the control

of this important common systematic uncertainty in the near
term, such that the systematic uncertainty due to B — D**[v
decays is likely to be reduced to the percent level or less.

2. D** branching fraction assumptions in 'R(D(*)) analyses

While the estimation of the normalization of the contribu-
tions from background B — D**[v decays is largely data
driven, a number of assumptions in the various branching
fractions involved can have a significant impact in the
measurement of R(D™)). These are as follows:

(i) B(D** — D™ z(x)): These branching fractions are
primary inputs to all the B — D**lv templates
employed in the signal extraction fits. Using the
approach of Bernlochner and Ligeti (2017),
B(D** — D™ zx) can be estimated by combining
data for the ratios B(D** — D*x)/B(D** — Dr)
(Zyla et al., 2020), isospin relations, and measure-
ments of ratios of non-D*-resonant three-body D
and D3° decays to Dz "z~ versus two-body decays
to D**x~ (Aaij ef al., 2011). The latter are used to
estimate the total non-D*-resonant branching frac-
tions to all possible Dzx final states with an isospin
correction factor ~2. The resulting estimates for
exclusive two-body decays and the sum of non-D*-
resonant three-body decays are shown in Table X V1.
The experimental analyses, however, have used
various other sets of different numbers, which is
worth revisiting.

(i) B(B —» D**¢v).—As previously mentioned, the
hadronic-r measurements are not sensitive to this
contribution. The leptonic-z analyses have some
sensitivity to these branching fractions, but it is
small because the total contribution from B —
D**¢v decays for the four D** states is floated in
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TABLE XVI.  Estimates for D** strong decay branching fractions to
exclusive two-body decays, and the sum of non-D*-resonant three
body decays (3 Dzr) based on the approach of Bernlochner and
Ligeti (2017) and measurements from Aaij et al. (2011) and Zyla
et al. (2020).

Parent Final state

Dn™ D*zn Dr* Dz S Darx
D} 0.26 0.13 0.40 0.20 e
D, 0.42 0.21 0.36
D 0.67 0.33 ce e e
D, e e 0.67 0.33

the various fits. Since the four contributions are
combined together in the same fit template, the
relative B — D**£v branching fractions, which are
typically taken from Zyla et al. (2020), impact the
measured R(D™)) values at the 0.3%-0.8% level
(Lees et al., 2013).

(iii) B(B — D**tv).—All R(D™)) measurements are
sensitive to this contribution because the kinematics
of the final state particles in these decays are similar
to those in signal decays. Some leptonic-z measure-
ments tie this contribution to the fitted B — D**£v
yields via R(D**) or merge it with other background
contributions. The BABAR analysis (Lees et al.,
2013) assumes that R(D**) =0.18 for all D**
states. Investigation of the numerical simulation
inputs used by Belle analyses (Huschle et al.,
2015; Caria et al., 2020) suggests that they assumed
an average of R(D**) =0.15, while the LHCb
result (Aaij er al., 2015c) uses R(D**) =0.12.
The hadronic-r R(D*) measurement from LHCb
(Aaij et al., 2018b) ties the B — D**zv yield to be
11% of the fitted B — D*rv yield and further
decreases the value of R(D*) by 3% to take into
account an additional contribution from By — D', tv
decays. Notably, all these assumed values for
R(D**) are significantly above the predicted central
values [Eq. (29)], by about 50%. The impact on the
measured values can be estimated from the R(D**)
systematic uncertainty estimated by Lees et al
(2013). A 50% downward variation of the assumed
R(D**) = 0.18 value results in R(D™)) increasing
by 1.7%—-1.8%. A shift of this magnitude would
result in an increase of the tension of the R(D™)
world average with the SM predictions by more than
0.5¢. For future measurements, we therefore advo-
cate that researchers revisit their assumptions re-
garding the D** feed-down in light of available data-
driven predictions.

(iv) B(B, — D}*X).—Additional feed-down contribu-
tions to the LHCb measurements of R(D*)) come
from decays involving partially reconstructed heavy
Dy* mesons, namely, B; — D}, and B; — D},. The
D}, and D}, mesons are heavy enough that they
decay primarily as D — D™"K. Given that the
B, — D¥¥lv branching fractions have not yet been
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measured and the considerable B; meson production
at the LHC (see Table III), these decays can lead to
sizable uncertainties on R(D*)). In a fashion similar
to the B — D**lv decays, B, — D;*/v decays
contribute only to measurements that employ the
leptonic decays of the 7 lepton, while B, — D{*tv
decays contribute to both leptonic- and hadronic-z
measurements, and B, — Di*DJX decays with
D} - 7tz 7" X contribute to hadronic-z results.
As an example of the potential size of these con-
tributions, the present correction due to the B; —
D¥*tv feed-down in the hadronic-r measurement
of R(D*) by LHCb is 3%, with a relative uncertainty
of 50%. Future measurements of the B, — D}*
branching fractions will thus be important in en-
abling one to reach percent-level uncertainties in the
LHCb measurements of R(D*)), as well as in

R(D).
D. Modeling other signal modes

Some insight into the precision of future form factor
predictions, and their role in LFUV analyses, can be obtained
from considering the case of B, — J/wzv. As can be seen in
Table XIII, a dominant systematic uncertainty (17%) in the
2018 LHCb analysis (Aaij et al., 2018a) arose from the poorly
known description of the B, — J/y form factors. At the time,
the prediction for R(J/y) was known only at the 10% level or
worse. However, recent LQCD results for the B, — J/w form
factors [Eq. (34)] now permit percent-level predictions such
that one might expect the corresponding systematic uncer-
tainty to similarly drop by an order of magnitude in a future
analysis.

With regard to A, — Ag*) decays, while the ground-state
form factors are already known to high precision, a combi-
nation of anticipated LQCD results and future data may
similarly permit the excited state form factors to be con-
strained at or beyond the 1/m?2 level. Finally, future LQCD

studies may be expected to improve predictions for B; —

DY) form factors to a level comparable to that for
B — D) which is well beyond the ~20% uncertainties
from flavor symmetry arguments.

E. Other background contributions

Double-charm decays of the forms B — D) D{"**) and
B — D) D) K can lead to final state topologies that
are similar to those of semitauonic processes whenever the
decay of one of the charm mesons mimics that of a z lepton.

Examples are D™ S X, Xatz—at or D& S X¢w,
with X referring to unreconstructed particles. Such processes
are significant background modes for R(D(*)) measurements
at LHCb and, to a somewhat lesser extent, for B-factory
measurements. While several of these analyses estimate the
overall double-charm contribution using data control samples,
all measurements rely on averages of previously measured
branching fractions of B and D decays from the Particle Data
Group compilation (Zyla et al., 2020). These averages are
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used as an input to produce the right mixture of decay modes
for background templates. Additionally, the extrapolations
into the signal regions often rely on simulations whose models
for the decay dynamics might not reflect the full resonance
structure of such transitions. This set of assumptions can be
common to several experiments.

Although a wealth of branching fraction determinations
regarding these and other relevant decays have been accu-
mulated by BESIII (Ablikim et al., 2010), BABAR, Belle, and
LHCDb, there are significant areas where measurements that are
in principle feasible have not been carried out or are not
precise enough to provide useful constraints. Instances of
these are double-charm decays with excited kaons in the final
state or hadronic and double-charm processes involving D**
states. These are especially important because they cover the
high ¢? range that has the highest signal purity in R(D))
results. In the near future, Belle II and LHCb will provide new
measurements of branching fractions for such decays that will
alleviate the reliance on common assumptions for the various
double-charm decay modes. Additionally, more precise infor-
mation about the semileptonic and #*z~z" decays of charm
mesons, which can be provided by BESIII in the near future,
will be needed.

F. Other systematic uncertainties

The remaining uncertainties in Table XV are dominated by
particle identification and external branching fraction uncer-
tainties. The latter are especially relevant for measurements
that utilize the hadronic decays of the 7 lepton. The final state
for the signal decays in these measurements does not
correspond to that of the B — D¥)/u decays needed for
the R(D(*)) denominator and, as a result, intermediate
normalization modes are employed. For instance, the current
precision on the normalization decays for the 7 — 7z~ 7"z v
analysis from LHCb (Aaij et al., 2018b), B - D*z"z~z" and
B — D*pv, as shown in Eq. (53), is limited to 3% to 4%, so
new measurements of these branching fractions are necessary
to reduce the overall uncertainty beyond that level. In fact,
what is required is the ratio of these two quantities. This can be
measured more precisely than each branching ratio separately:
a measurement that Belle II may be able to perform relatively
easily.

Radiative contributions from B — D™*)[yv decays recon-
structed as B — D*)[y are further sources of common
systematic uncertainties. These may arise at approximately
the few percent level, and are thought to be well approximated
in experimental simulations by PHOTOS (Barberio and Was,
1994), although Coulomb-term corrections may eventually
also become important (de Boer, Kitahara, and Nisandzic,
2018; Cali et al., 2019; Klaver, 2019).

VI. COMBINATION AND INTERPRETATION OF THE
RESULTS

The semitauonic measurements described in Sec. IV exhibit
various levels of disagreement with the SM predictions. In this
section, we further examine these results and explore these
tensions. To resummarize, the following recent measurements
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TABLE XVIL.  Summary of R(D*)) measurements and world averages. The hadronic-z LHCb result (Aaij et al., 2018b)
has been updated by taking into account the latest HFLAV average of B(B® — D**¢v) = (5.08 £ 0.02 £ 0.12)%. The
values for “Average (pp+)” are calculated by profiling the unknown B — D**[v correlation and obtaining pp-~ = —0.88 as

described in Sec. VL.B.

Experiment 7 decay Tag R(D) R(D*) Dot
BABAR* y11%7 Hadronic 0.440(58)(42) 0.332(24)(18) -0.31
Belle” y11%7 Semileptonic 0.307(37)(16) 0.283(18)(14) —0.52
Belle® %% Hadronic 0.375(64)(26) 0.293(38)(15) -0.50
Belle? v, pU Hadronic 0.270(35)E+22;)
LHCb® nn(a®) 0.280(18)(25)(13)

LHCb' 11177 0.336(27)(30)

Average (pp--) 0.337(30) 0.298(14) ~0.42
HFLAV Avg.# 0.340(30) 0.295(14) —0.38

See Lees et al. (2012, 2013).
®See Caria et al. (2020).

“See Huschle et al. (2015).
4See Hirose ef al. (2018).
*See Aaij et al. (2018b).

'See Aaij et al. (2015¢).

€See Amhis et al. (2019).

are currently available (see also Table V and references
therein):

(1) B = DWzv decays

(a) Six measurements of R(D*) and three measure-
ments of R(D). For convenience we resumma-
rize these results in Table XVII.
(b) One measurement of the 7 polarization frac-
tion, P,(D*) = —0.38 £ 0.511071.
(c) One measurement of the D* longitudinal polari-
zation fraction, F; (D*) = 0.60 £ 0.08 £ 0.04.
(d) Two measurements of the efficiency-corrected
g’ distributions shown in Fig. 11.
(2) One measurement of a b — crv transition using B,
decays, R(J/y) =0.71 £0.17 £ 0.18.
(3) One measurement of a b — urv transition, R () =
1.05 £0.51.

In Sec. VLA, we inspect the measurements of R(D*)) in
terms of the light-lepton normalization modes, the isospin-
conjugated modes, and their measured values as a function of
time. Thereafter we revisit in Sec. VI.B the combination of the
measured R (D)) values. In particular, we discuss the role of
nontrivial correlation effects on such averages and point out
that, with more precise measurements on the horizon, these

TABLE XVIIIL

effects will need to be revisited. In Sec. VI.C we discuss the
saturation of the measured inclusive rate by exclusive con-
tributions implied by the current world averages of R(D*) and
R(D) together with the expected B — D**zv rates. Finally,
Secs. VLD and VLE discuss the challenges in developing
self-consistent new physics interpretations of the observed
tensions with the SM and possible connections to the present-
day flavor-changing neutral-current (FCNC) anomalies,
respectively.

A. Dissection of R(D)) results and SM tensions

The current status of LFUV measurements versus SM
predictions, and the significance of their respective tensions
or agreements, is summarized in Table X VIII and includes the
current HFLAV combination of the R(D(*)) data. For the SM
predictions the arithmetic averages discussed in Sec. II are
quoted. The individual tensions of all LFUV measurements
with the SM expectations range from 0.2¢ to 2.5¢. The
combined value of R(D) and R(D*) is in tension with the SM
expectation by 3.1¢ because of their anticorrelation. Note also
that the value of P,(D*) is slightly correlated with both
averages.

Current status of LFUV measurements (see Sec. [V) versus SM predictions in Sec. II and their respective

agreements or tensions. For P_(D*) and F .(D*) we show a naive arithmetic average of the SM predictions (Table II), as
was done for R(D™)). For R(D™)) we show the world average from the HFLAV combination (Amhis et al., 2019). In the
last two rows we show for comparison the results of the R(D*)) world average obtained in this review; see Sec. VI.B.

Observable Current world-average data Current SM prediction Significance
R(D) (HFLAV) 0.340 £ 0.030 0.299 £ 0.003 1.26 31
R(D*) (HFLAV) 0.295 +£0.014 0.258 £ 0.005 2.5¢6 } e
P.(D*) -0.38 £ 051707 -0.501 £ 0.011 0.26
F;.(D¥) 0.60 = 0.08 £ 0.04 0.455 £ 0.006 1.60
R(J/w) 0.71 £0.17 £0.18 0.2582 £ 0.0038 1.80

R(= 1.05+0.51 0.641 £0.016 0.80

R(D) (this review) 0.33740.030 0.299 £ 0.003 1.30 }3 6
R(D*) (this review) 0.298+0.014 0.258 £ 0.005 2.56 [°°°
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A subset of the existing measurements provide values of
R(D™)) normalized to either electron or muon final states.
These results present an important check because the values
reported for the semitauonic ratios are typically an average for
the electron and muon normalizations assuming that

(67)

with

R(D) E((—_ (68)

R(D®)), = (B . (69)

LHCb measures only R(D<*))ﬂ, but the B factories have
access to the electron normalization as well. Figure 24
compares R(D™)), and R(D(*))ﬂ, systematic
deviation between the two ratios is observed. Note that these
results were released as stability checks that compare the
compatibility of the electron and muon channels, not as
optimized measurements of R(D™), /u- For instance,
Franco Sevilla (2012) did not include the full systematic
uncertainties and correlation for the electron and muon
R(D™), so the values from the full R(D™)) results are used
in Fig. 24, increasing the correlation to account for the larger
statistical uncertainty of the R(D*)), and R(D™)) . Tesults.
Additionally, the double ratio

and no

, R(DY), B(B - D*e1,)
R(D< ))light = F= B(B N D*//l_l_/ﬂ) (70)

that would be obtained from dividing these results would have
unnecessarily large uncertainties because the common
B(B — D" w) factor is obtained with 7 — evD decays in
the case of R(D™),, and 7 — yw decays for R(D™)),. A
high-precision measurement of R(D™)),, was recently
released by the Belle Collaboration (Waheed et al., 2019)

R(D™) g = 1.01 £0.01 £ 0.03 (71)

and is compatible with unity.

— T T T ]
0.6 I —BABAR, PRL 109, 101802 (2012) —Belle, PRL 124, 161803 (2020) =

[ ---BABAR electron ---Belle electron 1

0.5 +~BABARmuon .. Belle muon —

~ o HFLAV average Spring 2019 — SM predictions 1
8 o04f =
~ C ]
03F -
02F ]

- 1 1 1 1 =

0.3 04 0.5 0.6
R(D)

FIG. 24. Measurements of R(D™)), R(D™),, and R(D"Y),
from BABAR (Franco Sevilla, 2012) and Belle (Caria, 2019).
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TABLE XIX. Results of the isospin-unconstrained fits for the
BABAR analysis (Lees et al., 2012, 2013). The first uncertainty is
statistical and the second systematic.

Result BABAR

R(DO) 0.429 + 0.082 + 0.052
R(DT) 0.469 + 0.084 + 0.053
R(D*O) 0.322 +0.032 £+ 0.022
R(D*") 0.355 £ 0.039 £+ 0.021

Table XIX shows the results of the isospin-unconstrained
fits of the BABAR R(D')) analysis, which exhibit good
compatibility between charged and neutral D and D* modes.
Such measurements might be particularly interesting in the
context of obtaining data-driven insight into the size of
semiclassical radiative corrections, which are expected to
enter at the subpercent level.

Another interesting comparison is to examine the measure-
ments of R(D™)) as a function of time: more precise
knowledge of normalization and background processes can
lead to shifts in the central values. Figure 25 displays the
measured value as a function of paper submission time and
illustrates the improving precision with time. The most recent
measurements tend to display better agreement with the SM
expectations. It is not clear, however, whether this is a
systematic shift or a statistical fluctuation, as there have
not been meaningful changes in the procedures that determine
the background, normalization, and signal components. Note
also that all measurements are compatible among themselves,
with a y? probability of 27%.

R
(=]
=
-n—-Q—oc
—e—
i

Submission date

FIG. 25. Measurements of R(D*)) as a function of paper
submission time. Green (light gray) refers to BABAR, dark blue
(dark gray) refers to Belle, light blue (medium gray) refers to
LHCD, and violet refers to the SM predictions. Circular markers
refer to hadronic tagging, triangles refer to semileptonic tagging,
diamonds refer to inclusive tagging, and squares refer to untagged
measurements. Filled markers refer to measurements using
muonic decays of the 7z lepton, while hollow markers refer to
hadronic decays. Some of the earlier results measured B(B —
D™ v) instead of R(D)). In those cases, the values for R(D™))
were obtained by normalizing the 7 branching fraction with the
latest world averages for B(B — D) ¢v) (Zyla et al., 2020).
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B. Revisiting of R(D*)) world averages via D** correlations

To further investigate the tension of the measured values of
R(D™) with the SM, we examine and update their averages.
We note that the systematic uncertainties of all measurements
have significant correlations (see Sec. V) that need to be
properly taken into account. The most important ones stem
from the modeling of the B — D**[v processes, which have
constituted a significant background source in all measure-
ments to date. The manner in which the uncertainties of these
background contributions are estimated varies considerably.
As discussed in Sec. V.C.1, the normalization or shape
uncertainties from the hadronic form factors are, in some
measurements, validated or constrained by control regions.
Thus, a simple correlation model will not be able to properly
quantify such correlations.

One particularly important point here is the treatment of the
correlations of these systematics between R(D*) and R(D)
measurements. In individual measurements that measure both
quantities simultaneously, this treatment is straightforward.
However, it becomes unclear how to relate systematic uncer-
tainties between R (D) and R(D*) in two separate measure-
ments. To provide a concrete example, consider the BABAR
measurement of R(D) [in the context of the combined
R(D™) determination made by Lees et al. (2012, 2013)]
and the Belle measurement of R(D*) [in the combined
R(D™) analysis of Huschle ez al. (2015)]. In the individual
measurements, the systematic uncertainty associated with
B — D¢, is 45% and —15% correlated between R(D)
and R(D*), respectively.'® From this information alone it is
impossible to derive the correct correlation structure between
R(D) and R(D*) across the measurements.

We further investigate the dependence of the world average
on the B - D**¢D, correlation structure across the R (D) and
R(D*) measurements by parametrizing them with a single
factor pp+. In Fig. 26 (left panel) we show the world average
assuming such correlation effects are negligible (labeled as
pp~ = 0) and we reproduce a world average very similar to
HFLAV (Amhis et al., 2019). The numerical values, normal-
ized to the arithmetic average of the SM predictions
(cf. Table I in Sec. II.D.1), are

R(D)/R(D)gy = 1.12 £ 0.10, (72)
R(D*)/R(D*)gy = 1.15 £ 0.06, (73)
with an overall correlation of p = —0.33. In addition to the

B — D**¢v, uncertainties, the uncertainties in the leptonic 7
branching fractions and the B — D*)[v FFs are fully corre-
lated across measurements. The compatibility with the SM
expectation is within 3.2 standard deviations [close to the
value quoted by Amhis et al. (2019)] of 3.10). Figure 26 (left

"%Both measurements provide the systematic uncertainties asso-
ciated with D** in a different granularity. The quoted correlations are
obtained by summing for (Lees er al., 2012, 2013) the resulting
covariance matrices for the D** form factor and the various branching
fraction uncertainties. For Huschle er al. (2015), the covariance
matrices for the B — D**£v, shape and the D** are summed.
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panel) also shows the impact of setting this unknown
correlation to either pp~ = 1 or —1, resulting in compatibil-
ities with the SM predictions of 2.9 and 3.7 standard
deviations, respectively.

A possible way to deal with an unknown parameter such as
pp~ in this type of problem was outlined by Cowan (2019).
Instead of neglecting the value, we can incorporate it as a free
parameter of the problem and constrain it within its probable
range. A possible choice that limits this missing correlation to
fall between [—1,1] is to assign it a double Fermi-Dirac
distribution'' with a large shape parameter such as w = 50.
Carrying out our average with such a set up results in

R(D)/R(D)gy = 1.13 £0.10, (74)
R(D*)/R(D*)gy = 1.15 £+ 0.06, (75)
with pp~ = —0.88 and an overall correlation of p = —0.40.

This results in an increased tension of about 3.6 with respect
to the SM.

Although neither of these world averages are based on
completely correct assumptions, they illustrate the need for
future (D)) measurements to provide more detailed break-
downs of their uncertainties. It is intriguing that introducing an
additional correlation structure of a systematic uncertainty can
shift the agreement with the SM expectation over a range of
0.8 standard deviations. Table XVII lists the numerical values
of this average [denoted as “average (pp+)”] and the HFLAV
average (Amhis et al., 2019); see also Table X VIII. We show
this world average for R(D*) compared to the various
measurements in Fig. 26 (right panel).

C. Exclusive saturation of the inclusive rate

The SM prediction for the semitauonic inclusive branching
ratio is

B(B - X, wv) = 2.37(6) x 1072, (76)

which is obtained by combining the SM prediction in Eq. (38)
with the data for the flavor-averaged light-lepton branching
ratio B(B - X.¢v) (Zyla et al., 2020). This value of the
inclusive branching fraction should correspond to the sum of
branching fractions of all possible exclusive final states; i.e.,
the sum of decay rates of exclusive states should saturate the
inclusive rate. The degree of this saturation can be explored by
comparing the inclusive branching ratio to that for the sum of
D™ and D**. For simplicity, in the following we treat the
uncertainties for each mode as independent. Using the
HFLAV-averaged SM prediction for R(D(*)) (Table I)
together with the average branching ratio for B(B° —
D™ ¢y) and B(B~ — D™ ¢£v), one finds that

B(B - Drv) = 0.72(4) x 102, (77a)

B(B — D*rv) = 1.28(4) x 102, (77b)

U Gew) = 1/2{1 + explw(x = DIH1 +exp[-w(x = 1)]}).
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FIG. 26. Left panel: R(D(*>) world averages with different assumptions for the unknown correlation pp+. The average with pp«~ = 0
(light blue or light gray dotted curves) is based on assumptions similar to those made by Ambhis ez al. (2019) and shows a compatibility
with the SM expectation of 3.2 standard deviations while taking into account the small uncertainties of the theoretical predictions; the

scenarios pp~ = 1 (red or medium gray dashed curves) and pp:

= —1 (orange or light gray dash-dotted curves) agree with the SM

expectation within 2.9 and 3.7 standard deviations, respectively. In our quoted average we profile the unknown correlation and obtain
pp~ = —0.88 (heather gray solid curves) with a compatibility with the SM of 3.6 standard deviations. Right panel: our world average of
R(D) and R(D*) (black solid curves) compared to the various measurements of R(D*)). The unknown correlation p - is treated as a
free but constrained parameter of the average (see the main text for more details).

and similarly one may use the combined D** SM prediction
in Eq. (30) with world averages for B(B~ — D**¢v)
(Bernlochner and Ligeti, 2017), which yields

> B(B = X.1w) =0.14(2) x 102, (78)

X.eD*

Adding these contributions, one obtains the SM prediction
>ox.ept B(B = X ) = 2.14(6) x 1072, which is compat-
ible with, and does not saturate, the inclusive SM prediction in
Eq. (76), as shown in Fig. 27.

One can characterize the degree of LFUV in the semi-
tauonic system by comparing the inclusive SM prediction with
the sum of measured branching ratios for B(B — D")zv). In
this case the SM prediction in Eq. (76) arises from theoretical
inputs, and features theoretical uncertainties, that are inde-
pendent of the inputs used for predictions of R(D™)); see
Sec. II.G. Figure 27 compares the inclusive SM prediction to
the sum of the B — D*)zv branching fractions arising from
the R(D™)) world averages, as well as to the measured
inclusive b — Xtv branching fraction from LEP (Zyla et al.,
2020) and the result for B — Xzv from the Ph.D. thesis of
Hasenbusch (2018) using Belle data. One sees that the
R(D(*)) world averages already imply near saturation of
the inclusive SM prediction, while the unpublished result from
the Belle data is more than 3¢ in tension with it.

D. New physics interpretations

1. Parametrization of SM tensions

The measured lepton universality ratios R(D*)) naively
express tensions with respect to SM predictions in terms of the
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overall decay rates or branching ratios. As such, typically
many phenomenological interpretations of these results sim-
ply require that any NP accounts for the measured ratios (or
other observables such as polarization fractions) within quoted

Incl. SM Pred.
I D+ D* + D** SM Pred.
=+ LEP b — X7v
HiH D + D* HFLAV Av.
Hi+ Incl. Belle (Unpublished)

—_—

24 2.6 2.8 3.0 3.2 3.4 3.6
BB — X, 1v] (%)

2.0

FIG. 27. Saturation of the inclusive SM prediction (red or
medium gray band) for B(B — X.7v) by the sum of the measured
exclusive branching fractions that are implied by the R(D) and
R(D™) world averages (blue or dark gray square). By com-
parison, the SM prediction for the sum of the B — DU**)zy
exclusive branching fractions (blue or dark gray band), is
compatible with, and does not saturate, the inclusive prediction.
Also shown are (i) the measured inclusive branching fraction
measurements for b — Xzv from LEP (Zyla et al., 2020) (open
square), which is normalized against the total number of tagged
bb events. Assuming that the hadronization effects cancel, this
can be interpreted as B(B — Xzv), and (ii) the unpublished
inclusive measurement taken by Hasenbusch (2018) using Belle
data (red or medium gray filled square), which shows a large
excess.
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uncertainties. However, this naive approach may lead to biases
in NP interpretations.

The reason for this is that in practice, as discussed in
Sec. IV, the R(D™)) ratios are recovered from fits in multiple
reconstructed observables. In these fits, the signal B — D®ry
decay distributions (as well as backgrounds) are assumed to
have SM shapes (their reconstructed observables are assumed
to have a SM template), while their normalization is allowed
to float independently. In the SM, the ratio of R(D) to R(D*)
is itself tightly predicted up to small form factor uncertainties.
Thus, the current experimental approach can be thought of
introducing a NP fit template that is parametrized by variation
in the double ratio R(D)/R(D*) as well as, say, the overall
size of R(D*).

Variation of R(D*) while keeping R(D)/R(D*) fixed to
its SM prediction is consistent with NP contributions from the
cy;, Wilson coefficient. This Wilson coefficient by definition
still generates SM-like distributions, so incorporating cy;,
contributions is self-consistent with the fit template assump-
tions from which the measured R(D™)) values were
recovered.

However, to explain the variation in R(D)/R(D*) from the
SM prediction requires further NP contributions that generi-
cally also alter the B — D*)zv signal (and some background)
decay distributions and acceptances. [It is possible that there
are NP contributions that modify only the neutrino distribu-
tions. Because the experiments marginalize over missing
energy, this NP could permit R(D)/R(D*) to simultaneously
float from the SM prediction while preserving the SM
template for reconstructed observables.] These NP contribu-
tions are thus generically inconsistent with the assumed SM
template in the current measurement and fit and may affect the
recovered values of R(D(*)) themselves. As a result, while the

current world average for R(D)-R(D*) unambiguously
indicates a tension with the SM, it does not a priori allow
for a self-consistent NP interpretation or explanation. A self-
consistent BSM measurement of any recovered observable
instead requires dedicated fit templates for each BSM point of
interest, which we discuss further in the review.

A similar tension with the SM can be established when
additional observables such as asymmetries, longitudinal
fractions, and polarization fractions are compared to SM
predictions (see Sec. I1.D.2), and there is much literature
studying their in-principle NP discrimination power. However,
the same caveat with regard to NP interpretations applies:
NP contributions may alter the recovered values of these
parameters.

2. Sensitivity and biases in recovered observables

To gain a sense of the size of these effects, we consider an
approximate mock-up of an e*e™ experimental environment
and examine the variation in acceptances ¢ for B — Dzv and
B — (D* — Dx)tv, with 7 — ewv in the presence of NP. In
this mock-up, the beam energies are fixed to 7 and 4 GeV, and
we require visible final state particles to fall within an angular
acceptance of 20° to 150°. We impose a minimum electron
energy threshold of £, > 300 MeV, and an approximate turn-
on efficiency is included to account for the slow pion
reconstruction efficiencies in D* — Dz decays. We further
include a Gaussian smearing added to the truth level > with a
width of 1.2 GeV?2, in order to account for detector resolution
and tag-B reconstruction, and require the reconstructed
q* > 4 GeV2.

For this mock-up, we show in Fig. 28 the ratio of the NP
experimental acceptance relative to the SM, &/¢egy; for several
different simplified models; cf. Lees et al. (2013), who studied
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Top row: typical variation of experimental acceptances for the 2HDM, the leptoquark models R, and S|, and a pure tensor

current, normalized with respect to the SM acceptance &gy, for B — Dzv (thin blue lines) and B — (D* — D)z (thick red lines), with
7 — ewv. The dotted, solid, and dashed lines show the resulting acceptances for the ¢ resolutions (see text) of 0.8, 1.2, and 1.6 GeV?,
respectively. Bottom row: variation in R(D™*))/R(D™))qy for the same models.
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this effect for the type-II 2HDM. To characterize the sensi-
tivity to the ¢> cut and smearing, we also show acceptances for
better and poorer g resolutions, with widths of 0.8 and
1.6 GeV? for the Gaussian smearing, respectively. To provide
further insight into the NP variability of the differential
distributions, in Fig. 29 we show the percent variation per
bin in the reconstructed m2,  normalized distribution for B —
Drv for the same set of simplified models over the identical
range of NP couplings, as well as examples of B — D®zw
distributions in the reconstructed m2.  for particular NP
coupling values.

One typically sees a few percent variation in the accep-
tances as well as in the differential m? . distribution, with up
to 5% or so variations in some cases. Although this might
seem small in comparison to the typical 15%-20% size of
currently measured LFUV in R(D™), such variations are
already comparable to the typical size of systematic uncer-
tainties in current analyses, such as those shown in Table X. It
is not surprising then that mismatches between the SM and NP
signal templates can introduce significant biases into the
analyses. This was observed in the BABAR analysis (Lees
et al.,2013). A similar but more detailed mock-up analysis in
an e'e” collider environment suggests biases at greater than
the 4o level may be expected to typically arise with 5 ab™! of
data (Bernlochner et al., 2020a). This effect may also be
important in the extraction of the CKM parameter |V |, which
is sensitive to the assumed form factor parametrization used to
generate the fit templates.

Future semileptonic analyses may address these biases
through a variety of approaches. We discuss these approaches
in Sec. VILB.

Model: 2HDM Mbdel: R2

M2y, [GeV?]

M., [GeV?]

E. Connection to FCNCs

Measurements of the b — s ratios Ry [Eq. (43)] in
various ranges of the dilepton invariant mass have produced
an indication of lepton flavor universality violation. For
instance, the most precise measurements of these ratios in
the range ¢> = m*(¢¢) € [1.1,6.0] GeV? currently are (Aaij
et al., 2017c, 2021)

Ry = 0.8461008,  Ryo = 0691002 (79)

but are expected to be unity to the subpercent level. Angular
analyses of B — K*uu decays exhibit components that are in
similar tension with theoretical predictions but subject to
potentially large theory uncertainties. However, various other
less precise measurements of Ry, from Belle and BABAR are
consistent with unity (Amhis et al., 2019); see also the recent
A, = pK£¢ analysis by LHCb (Aaij er al., 2020c). As
discussed in Sec. ILI, because the neutrino belongs to an
electroweak doublet, nontrivial model-dependent connections
may arise between b — cfv and b — s£¢ or b — sw
operators. Studies of possible connections between the
R(D™) and Ry anomalies thus explore common origins
of NP in b — ctv vs b — s¢7, such as various leptoquark
mediators and flavor models, that are not also excluded by
other precision measurements; see Sec. IL.I. See Calibbi,
Crivellin, and Ota (2015), Bhattacharya et al. (2015),
Buttazzo et al. (2017), and Kumar, London, and Watanabe
(2019) for some representative works in an extensive
literature.
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normalized distribution for B — Dzv comparing

the SM to a range of couplings for the 2HDM, the leptoquark models R, and S|, and a pure tensor current. The variations for B — D*tv
are similar but somewhat smaller, ranging up to the 1% to 2% level. Bottom row: examples of normalized m? . . distributions for the SM
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(solid lines) vs NP (dashed lines) for B — Dzv (thin blue lines) and B — D*v (thick red lines). The chosen NP coupling for each model

is shown as a dashed line in the corresponding top row panel.
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In light of these results, it is interesting to consider how
much LFUV can be tolerated in the electron versus muon
couplings from b — clv measurements alone. As mentioned
earlier, the Belle direct measurement [Eq. (71)] constrains
LFUV to no more than percent-level deviations between the
electron and muon semileptonic modes.

An additional constraint arises from exclusive measure-
ments of |V,,| and associated ¢*> distributions from B —
D™ ¢y decays. Although they are not a focus of this review,
these measurements are presently quite sensitive to the B —
D) form factor parametrization: Precision fits leave little
room for the presence of additional form factors beyond those
of the V — A interactions because introducing such form
factors would significantly distort the well-measured ¢°
distributions for these decays. Moreover, shape fits to the
electron and muon modes separately are in good agreement;
see Aubert et al. (2009), Glattauer et al. (2016), and Waheed
et al. (2019). These results suggest that in the » — cev and
b — cuv systems, one can plausibly introduce NP only via
V — A NP currents, and one can plausibly produce electron-
muon LFUV at most at the percent level. Based on this
qualitative discussion we eagerly anticipate further quantita-
tive studies of bounds on LFUV in B — D¢y,

VII. PROSPECTS AND OUTLOOK

As detailed in Sec. VI, the world averages for R(D) and
R(D*) currently exceed their SM predictions by about 14%
each. While the theory uncertainties on the R(D™)) SM
predictions are already 1% to 2% (see Table I), the uncer-
tainties on the corresponding measurements are 5—10 times
larger. If key challenges in computation, the modeling of
b-hadron semileptonic decays, and background estimation are
met in the years to come, as discussed in Sec. V, the large
amount of data that LHCb and Belle II will collect over the
next two decades will bring down the experimental uncer-
tainties to the 1% level. At the present level of discrepancy
with the SM, this degree of precision would nominally be
sufficient to either establish an observation of LFUV or resolve
the present anomalies.

However, highly significant but isolated results will argu-
ably not be sufficient to fully establish the presence of NP in
this manner given the vast number of experimental and
theoretical effects that can influence the interpretation of
these indirect searches for BSM physics. Spurred on by the
R(D™)) anomalies, a wide program of LFUV measurements
and calculations that encompasses several experimental and
theoretical communities across particle physics will likely be
the key to disentangling potential BSM signals from sources
of uncertainty that may not be fully understood.

To this end, we discuss here various aspects of this
program, including efforts under way to measure other
important ratios such as R(J/y), R(x), R(D(i)), and
R(A.) (Sec. VIL.A); analyses that exploit the fully di%t)erential
information measured in semitauonic b-hadron decays to
complement and enhance the sensitivity to NP (Sec. VIL.B);
and, should these indirect searches end up establishing the
presence of NP, the role of proposed future colliders that may
be able to either directly observe NP mediators or further
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characterize established anomalies with related measure-
ments (Sec. VIL.C).

A. Measurement of the ratios R(H,,)

As described throughout this review, the ratios R(H,,)
defined in Eq. (21) are powerful probes of LFUV and NP, in
part because of the significant cancellation of theoretical and
experimental uncertainties in the ratios. The SM predictions

for R(DEI;), R(J/w), and R(A,) now have uncertainties in

the 1%-3% range (see Sec. II), and improvements in lattice
QCD together with new experimental measurements are
expected to bring these down further. Over the next two
decades, LHCb and Belle II will collect enough data to reduce
the statistical uncertainty on the R(H,. ) measurements down
to a few percent or less. However, the systematic uncertainties
on the best known ratios R(D*)) are currently significantly
higher than that, as shown in Table XV. Thus, quantifying the
achievable precision on R(H..,) as a probe of NP after LHCb
and Belle II complete their data taking rests primarily on
estimating the extent to which the associated experimental
systematic uncertainties can be reduced.

As detailed in Sec. V, if already ongoing theoretical and
experimental efforts are sustained in the following years, the
majority of the systematic uncertainty on R(H.,) is
expected to decrease commensurately with the increasing
size of the data samples collected. For instance, the uncer-
tainty from the background contributions will decrease as the
data control samples grow, and the size of the simulated data
samples will continue increasing proportionately if the power
of GPUs and fast simulation algorithms is appropriately
harnessed. These improvements are likely to have their own
limitations, and a certain level of irreducible systematic
uncertainty will be reached. Based on the considerations
described in Sec. V, one may estimate that floors of ~1% to
2% uncertainty in R(D*)) are achievable, while a floor of
~3% to 4% is plausible for other R(H . ,) ratios, in which the
form factor parametrization cannot be measured as precisely.
To illustrate the variability of these estimations, we present
extrapolations for the anticipated R(H,,) precision that
LHCb and Belle II are likely to reach under two scenarios:
(i) a pessimistic scenario, with irreducible systematic uncer-
tainties of 2% for R(D*)) and 5% for the other R(H.,,,)
ratios, and (ii) an optimistic scenario, with uncertainty floors
of 0.5% for R(D™)) and 3% for the other R(H,,) ratios.
Further assumptions included in these extrapolations are
detailed next.

1. Prospects for R(H,,) at LHCb

As described in Sec. III, the high center-of-mass energy at
the LHC gives LHCb access to large samples of many
b-hadron species. Thus far, LHCb has published results on
R(D*) and R(J/y) (see Sec. IILLA), and measurements of
R(D), R(D**), R(D;), R(D¥), R(A.), and R(A}) as well as
the nonsemitauonic ratios R (D)) light are under way. We can

project the sensitivity to some of these ratios based on
the b-hadron samples that are expected in the next
two decades (Table III), the reduction of the previously

015003-43



Florian U. Bernlochner ef al.: Semitauonic b-hadron decays: A lepton flavor ...

described systematic uncertainty, and the following broad
assumptions. 12

(i) R(D*).—The current Run 1 results for R(D*")
have a total uncertainty of 12%, but this value should
be reduced by about V2 when R(D*) is also
included in the measurement. This can be done
by inclusively reconstructing B~ — D*977p_ decays
via their feed-down to D°u~ samples in combined
R(D)-R(D*) measurements. Starting in Run 2, a
dedicated trigger achieved 50% higher efficiency
and the bb cross section increased by a factor of
around 2. Another factor of 2 will be gained when
the hardware trigger is replaced by a software-only
trigger (LHCb Collaboration, 2014) starting in the
next data taking period (Run 3).

(i) R(D).—The same assumptions apply as for the
measurement of R(D*) in terms of triggers and the
combination of D? and DT, but data samples are
expected to be about 50% smaller due to the
difference in branching fractions and R(D).

(ili) R(D**).—The projections are specifically for
R(D?), which provides the most accessible final
state. The projections are based on the expected
uncertainty of about 15% for a combined analysis of
Run 1 and 2 data and include a factor of 2 efficiency
increase starting in Run 3 thanks to the software-
only trigger.

(iv) R(Dg*)): At LHCb, the reconstruction of neutral
particles is challenging; see Sec. III.B.2. As a result,
the reconstructed number of signal events for R(D3)
is expected to be about 40 times smaller than it is for
R(D*) due to both the smaller B, production fraction
and the requirement to reconstruct a photon in the
D!+ — Dy decay (resulting in about a factor of 10
lower efficiency), although these are partially com-
pensated for by the larger reconstructed branching
fractions of the D™ decay chain. Given the limita-
tions associated with the reconstruction of neutral
particles, another possibility is the measurement
of R(DY)) = [B(B, » D,w) + B(B, » Diw)]/
[B(B; — Dguv) + B(B; — Diuv)], which avoids
the explicit reconstruction of the photon. The data
samples for this measurement are expected to be about
3 times smaller than those for R(D*).

(v) R(A.).—Data samples are expected to be 6 times
smaller than for R(D*), according to the smaller A,
production fraction, as well as the requirement to
reconstruct an additional track in the A} — pK~ 7"
decay (which results in a factor of 2 lower efficiency
due primarily to the limited LHCb acceptance as
well as the PID and tracking efficiencies).

“These projections are for the measurements that employ the
muonic decays of the 7 lepton. The projections for the hadronic
measurements would be similar except that the irreducible systematic
uncertainty would be asymptotically higher because of the external
branching fractions used to normalize the result.
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(vi) R(A%).—A preliminary study by LHCb (Lupato,
2017) using the muonic decays of the 7 finds a factor
of 45 smaller data samples for R(A}(2625)) than
those expected for R(D*). This study, however, is

not able to constrain the unmeasured A, — A;*DEV*>

background. Instead, we project R(A%(2625))

based on the same assumptions as for R(A.) but

with 33 times smaller data samples due to the
smaller A, — Alv branching fraction and the effi-
ciency of the A} — A.zm reconstruction. This is

estimated in a preliminary LHCb study of A, —
AE*)mm events under the assumption that the ratio of
the A, — AE»*)ﬂ.'ﬂ'ﬂ' branching fractions is the same as

that for A, — A7y, The projections  for
R(A:(2595)) would be similar, but with data
samples a factor of 2 smaller than those
for R(A%(2625)).

(vii) R(J/y).—We scale the 2018 result based on the
expected data samples.

Figure 30 shows the results of these projections. The years
on the horizontal axis refer to the dates at which data samples
became or will become available, which will eventually result
in the plotted total uncertainties once analyses are completed.
For instance, the 8.5% uncertainty on R(D*) shown at the
beginning of 2015 corresponds to the eventual precision
achievable for the combined measurement of R(D**) and
R(D*?) with the Run 1 data sample, but the analysis is not
expected to be completed until 2021. These projections
illustrate the enormous benefit that the data samples collected
after the ongoing LHCb Upgrade I will have on the meas-
urement of R(H,). The proposed LHCb Upgrade II, which
would take place in 2031, would allow LHCb to further
improve the precision on these ratios down to the 0.5%—2%
level if the irreducible systematic uncertainties can be reduced
accordingly.

Finally, b — urv transitions are especially interesting
because their potential NP couplings could be quite different
from those potentially involved in b — czv transitions. The
most direct way to access these transitions at LHCb could be
through B — pprv decays, for which the normalization B —
pp?v channel was recently observed (Aaij ez al., 2020b; Tien
et al., 2014) and is quite clean. A measurement of R(pp) is
currently under way. Additionally, LHCb also has plans to
measure A, — prv, although this process is more challenging
due to the lack of a A, decay vertex and sizable feed-down
backgrounds from A, — A. processes.

2. Prospects for R(H,,) at Belle II

Belle II will profit from the much cleaner environment of B
meson pair production in electron-positron annihilations; i.e.,
even with its smaller data samples with respect to LHCb,
highly competitive results will emerge. One of the major
challenges will be to retain this clean environment at high
luminosities and reduce the impact of beam and other back-
grounds as much as possible. In addition, several orthogonal
datasets can be obtained by leveraging different analysis or
tagging approaches; see Sec. III.C.1. The most important
results will be as follows:
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FIG.30. Projections for the expected precision on the measurement of selected R(H,.) ratios at LHCD as a function of the year in which
the corresponding data sample becomes available. The order of the curves in the legend corresponds to the order of the curves on the plot
for the year 2026. Left panel: pessimistic scenario for an irreducible systematic uncertainty of 3% on R(D*)) and 5% on the other ratios.
Right panel: optimistic scenario for an irreducible systematic uncertainty of 0.5% on R(D™)) and 2% on the other ratios. These
extrapolations are based on the current muonic-z measurements of R(D*)) and R(J/w), as well as the forthcoming hadronic-z
measurement of R (DY) for the R(D**) curve. The symbol R(D_[f}) refers to the sum of the D, and D7 yields, as described in the text.
The R(A}) entry in the legend refers to R(A%(2625)). The shaded regions correspond to the long shutdowns during which there is no
data taking at the LHC and have been updated including the latest estimates (Béjar Alonso et al., 2020).

(i) R(D™) with exclusive tagging.—In principle, four

(i)
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statistically independent measurements can be car-
ried out this way, namely, either with hadronic or
semileptonic tagging and with the focus on either
leptonic or hadronic 7z lepton decays. The results
with the best control of the systematic uncertainty
will be obtained from the combination of hadronic
tagging and leptonic or hadronic z decays. For these,
the B rest frame will be accessible and, in the case of
hadronic single-prong z decays, the 7 polarization
will also be accessible. These results will suffer,
however, from the low overall efficiency of hadronic
tagging caused by the small branching fractions of
such processes.

Semileptonically tagged events will retain much
higher numbers of semitauonic decays, but these
will in principle suffer from higher systematic
uncertainties. Nonetheless, all reconstructed par-
ticles in such signatures can still be assigned to
either the signal or the tag side, which will allow for
reliable measurements. Note that additional energy
depositions from beam-background processes will
lead to more challenging conditions and back-
grounds than those for the present-day results.
Further, only measurements with leptonic 7z decays
have been realized to date, so it will be an exciting
challenge for Belle II to establish measurements
with hadronic 7 decays using this technique.
R(D™) with inclusive or semi-inclusive tagging.—
Compared to hadronic or semileptonic tagging,
inclusive tagging offers much higher reconstruction
efficiency at the cost of higher backgrounds and

(iii)

@iv)

015003-45

lower precision in the reconstruction of B-frame
kinematic variables. Nonetheless, such measure-
ments will offer additional orthogonal datasets that
can be analyzed. A particularly interesting option
might involve the use of semi-inclusive tagging via a
charmed seed meson (D, D*, J/y, D, or D). Such
an approach could offer more experimental control
than purely inclusive tagging while still retaining a
high reconstruction efficiency. It is unclear at present
how precise such measurements will be, as no
detailed studies have been carried out, and we
therefore do not include these in our projections.
R(=/p/w).—Belle Il will have a unique opportunity
to further investigate semitauonic processes involv-
ing b — u transitions. The existing search (detailed
in Sec. IV.A.2) focused on charged pion final states.
Interesting additional channels with higher branch-
ing fractions are decays to p and @ mesons, although
the large width of the p meson is a challenge.
Nonetheless, Belle II will improve on the existing
limits and, with a substantial dataset of 10—15ab~!,
the discovery of these decays, assuming that their
branching fraction is of the size of the SM expect-
ation, is feasible.

R(Dg*)).—Belle II anticipates collecting a clean
sample of eTe™ — T(55) — BB events. The
experimental methodology applied to the study of
semitauonic B meson decays can also be applied to
these datasets. For instance, future measurements of

R(Dﬁ*)) based on hadronic or semileptonic tagging
can be done in a fashion similar to the R(D™))
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measurements. It is unclear, however, whether a
precision can be reached that would rival LHCb,
because of the much smaller number of produced B,
mesons.

R(X(c)) with hadronic tagging.—Belle II will fur-
ther be able to produce measurements of fully
inclusive or semi-inclusive semitauonic final states.
These will allow measurements of R(X.)). We use

the preliminary measurement of Hasenbusch (2018)
to estimate the sensitivity for R(X) but caution the
reader that Belle II will need to demonstrate the
feasibility of such measurements.

Figure 31 displays the expected sensitivity as a function
over time. The left panel displays our pessimistic scenario
based on the statistical and systematic uncertainties of existing
measurements and an irreducible systematic uncertainty of
3%, as previously described. The right panel shows the same
progression for the optimistic scenario, which includes an
irreducible systematic uncertainty of 0.5% and an increase in
the efficiency of the exclusive tagging algorithms of 50%.
Such an improvement is not completely unexpected since
novel ideas, such as the use of deep learning concepts and
attention maps, have already shown promising efficiency
gains in simulated events (Tsaklidis, 2020). However, it
remains to be seen whether such efficiency gains are also
retained in the analysis of actual collision events, and also
whether the identified events are clean enough to provide an
actual gain in sensitivity. In both scenarios the uncertainties
are expected to decrease with luminosity until the systematic
uncertainty floor is reached.

The gray bands in Fig. 31 indicate years in which
significant downtime is expected due to upgrades of the
detector and/or the accelerator. In 2022, the Belle II pixel

)
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detector will be replaced with its final version, and more
radiation-hard photomultipliers for the time-of-propagation
detector will be integrated as well. In 2026, the Belle II
interaction region will be upgraded to allow for the increase
of the instantaneous luminosity to its design value: The
superconducting magnets that perform the final focusing will
be placed farther away from the beam crossing point to
reduce the chance of quenches. Measurements of R(D*) will
be somewhat more precise because of their cleaner signature
and lack of feed-down contributions compared to R(D)
measurements, but in both cases a precision of 4% to 5% and
about 3% will be reached by 2026 in the pessimistic and
optimistic scenarios, respectively. Inclusive R(D*)) mea-
surements and measurements of R(D*) with hadronic 7 final
states will reach 3.5% precision in the pessimistic scenario
and below 2% in the optimistic case. All measurements,
except for the ones explicitly probing b — u transitions, will
reach precisions close to their irreducible systematic uncer-
tainties by 2031.

B. Exploiting full differential information

1. Angular analyses and recovered observables

A 2% to 3% systematic floor for LFUV ratio
measurements might be reached quickly given the high
statistical power provided by the LHCb and Belle II experi-
ments together. Combined with the fact that the ratios
R(H.,) are recovered observables from template fits to
differential distributions, this suggests that attention might
increasingly turn toward other measurable properties. These
include angular correlations, longitudinal and polarization
fractions of the D* and 7 (see Sec. I1.D.2), and asymme-
tries, etc.
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FIG.31. Projections for the expected precision on the measurements of R(D™*)), R(X), and R(r) at Belle II as a function of the year in
which the corresponding data sample will become available. The order of the curves in the legend corresponds to the order of the curves
on the plot for the year 2022. The “R(D™)) (SL FEI, lep 7)” curve sits under the “R(X) (had FEL lep 7)” curve because their projected
uncertainties are extremely similar. An irreducible systematic uncertainty of (left panel) 3% for the pessimistic scenario and (right panel)
0.5% for the optimistic one is assumed. The optimistic scenario also assumes a 50% increase in the reconstruction efficiency of the
exclusive tagging algorithms. The shaded regions indicate years in which significant downtime is expected due to upgrades of the

detector and/or the accelerator.
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Many such observables using angular correlations have
been put forward in a wide range of phenomenological
studies, in particular, as a means to distinguish SM from
NP interactions in b — czv transitions. On the experimental
side, the most accessible of these is the D* longitudinal
fraction F; . (D*), which can easily be reconstructed. As
discussed in Sec. IV.D.2, Belle has already provided a
preliminary measurement for this variable based on B —
D*zrv decays. This result is compatible with the SM expect-
ations within 2¢. LHCb is expected to soon publish a similar
analysis with slightly improved sensitivity.

The 7 polarization (Sec. IV.D.1) was also measured for the
first time by Belle, which used the 7 — zv single-prong decay
channel, although with limited precision. Preliminary studies
in LHCb have demonstrated that the measurement of the 7
polarization is possible using the 7 — z~ 7"z~ v decay mode,
recycling techniques developed at LEP involving optimized
variables (Davier et al., 1993). This analysis is much more
complex than the single-prong mode, in which the pion
momentum in the 7 rest frame acts as an in-principle perfect
polarizer because the analyzing power of the zzx final state is
comparatively small [see Eq. (28)]: The analyzing power of
the dominant a; resonance in 7 — 7 n'z v features a
numerical cancellation on shell, a, = (1 —-2m. /m?)/
(1 +2m§]/m3) ~0.02. The expected LHCb sensitivity to

P.(D™) in the three-prong mode is not yet known.

A recent study (Hill et al., 2019) showed that LHCb may be
able to reliably recover the angular coefficients describing the
B — (D* - Dx)(t — hv)v decay, assuming a sample size of
around 10° signal events. A dataset of this size is expected to
be available at the end of Run 3 of the LHC; first attempts
along these lines may be performed using the full Run 2
dataset.

2. Future strategies

However, as discussed in Sec. VI.D.2, mismatches between
SM and NP signal templates can introduce significant biases
into analyses that consider recovered observables, such that one
cannot consistently determine the compatibility of the data with
any particular NP model. Future semileptonic analyses may
address these biases through a variety of approaches: One
possibility is to attempt to carefully control the size of these
biases when experiments quote their results. A different, more
robust, approach is for experiments to adapt their analyses such
that, instead of reporting recovered observables, they perform
fits directly in the multidimensional space of the NP couplings,
the Wilson coefficients, themselves. This approach has the
additional advantage of making it more straightforward to
combine results from different experiments.

The latter approach is sometimes referred to as forward
folding. A key obstacle is that generating sufficient simulated
data for the SM analysis alone is challenging (see Sec. V.A);
generating enough data to study a space of NP models is
naively computationally prohibitive. This difficulty can be
resolved, however, with matrix element reweighting, which
allows for large MC samples to be converted from the SM to
any desired NP template, or to any description of the hadronic
matrix elements, without regenerating the underlying MC
data. In recent years, new software tools such as the HAMMER
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library (Bernlochner ef al., 2020b) have been developed by
experimental-theory collaborations to permit fast and efficient
MC reweighting of this type.

As an example, consider the mock-up reweighting analysis
of Bernlochner er al. (2020a), which uses the differential
information in the missing invariant mass m2, and lepton
momentum |p,|, including an approximation of the effects of
various backgrounds and reconstruction effects. In Fig. 32 we
show the potential recovered C.L.’s from this analysis for the
complex NP Wilson coefficients of the R, simplified model,
defined by cg ~8cy, compared to the “truth” value
csr. (= 8cy) = 0.25(1 + i). This mock-up forecasts that, with
5ab~! of future data, one would be able to not only exclude
the SM but also recover the “true”” NP Wilson coefficient up to
a mild twofold degeneracy in its imaginary part. Because the
forward-folding approach can use all differential information
by construction, it may supersede approaches based on
measuring recovered observables.

C. Outlook for future colliders

If NP were to be discovered through indirect LFUV
searches, future colliders could be instrumental in further
characterizing the nature of the new interactions. In some
scenarios, NP mediators can escape the discovery reach of the
HL-LHC while still giving rise to the observation of LFUV in
semitauonic b-hadron decays. Future hadron machines such
as the FCC-hh collider (Abada et al., 2019b), which is
presently under study at CERN, would extend the reach for
direct observation of NP mediators into the multi-TeV range
covering most of these scenarios. An indirect NP observation
could also be possible at FCC-hh by detecting deviations from
the predicted inclusive zz production rate in the SM (Abada
et al., 2019b).

High-luminosity e*e™ colliders may also play a crucial
role because the characteristics of b-hadron production on the
Z pole combine several of the advantages enjoyed by
B-factory experiments with those of hadron colliders. In
particular, the advantages of the former include a very
favorable ratio of B production divided by total cross section
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FIG. 32. The 68%, 95%, and 99% C.L. allowed regions for the
R, simplified model coupling c5; = 8¢y fitting to an Asimov
dataset with cg; = 8cy = 0.25(1 + ). The best fit recovered
points are shown as gray dots.
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(22%), a low-multiplicity environment (perfect separation of
the two B mesons), and good knowledge of the B center-of-
mass frame achieved by exploiting jet direction measurements
and the peaked fragmentation function. The advantages of the
latter include the large production of all b-hadron species and
the large boost of the hadrons themselves, which allows one to
more easily separate their decay products from primary
fragments, and to fully reconstruct secondary and tertiary
vertices.

The “TeraZ” class of proposed e*e™ colliders, either FCC-
ee (Abada et al., 2019a) or CEPC (Dong et al., 2018a, 2018b),
could provide enough B mesons produced in this very
favorable Z-pole environment to measure very complex
decays such as Bt — K'7"¢~ that are very difficult to probe
otherwise (Kamenik er al., 2017). A precise measurement of
this branching ratio and its angular distributions would
provide a critical test of LFUV in the neutral-current decays
involving the 7 lepton. This might in turn provide evidence of
a link between the LFUV hints from R(H,,), which involves
charged-current decays to 7 leptons, and those of R (., which
involve neutral-current decays to the first two lepton families
only; see Sec. ILI. In a similar vein, rare B, decays such as
B. — v could also be studied at a TeraZ factory (Zheng et al.,
2020). A precision of 1% of this branching fraction could be
reached, thereby providing strong constraints on many NP
models.

D. Parting thoughts

In this review we provided an in-depth look into the
theoretical and experimental foundations for semitauonic
LFUV measurements. This comprised a detailed overview
of the theoretical state of the art and an extensive survey of the
experimental environments and measurement methodologies
at the B factories and LHCb. We further reexamined the
current combinations and NP interpretations of the data as
well as their limitations, and the future prospects to control
systematic uncertainties, all of which will be crucial not only
for establishing a tension with the SM, should one exist, but
also for understanding the nature of the new physics respon-
sible for it.

Driven by the intriguing and persistent anomalies in
R(D™), the host of planned and ongoing measurements of
lepton flavor universality violation in semitauonic b-hadron
decays will provide new data-driven insights into, if not
resolutions for, these current LFUV puzzles. A golden era in
flavor physics is just ahead of us.
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